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Heat actuated adsorption heat pumps offer the opportunity to improve overall 
energy efficiency in waste heat applications by eliminating shaft work requirements 
accompanying vapor compression cycles.  The coefficient of performance (COP) in 
adsorption heat pumps is generally low.  The objective of this thesis is to model the 
adsorption system to gain critical insight into how its performance can be improved.  
Because adsorption heat pumps are intermittent devices, which induce cooling by 
adsorbing refrigerant in a sorption bed heat/mass exchanger, transient models must be 
used to predict performance.  In this thesis, such models are developed at the adsorbent 
particle level, heat/mass exchanger component level and system level. 
Adsorption heat pump modeling is a coupled heat and mass transfer problem.  
Intra-particle mass transfer resistance and sorption bed heat transfer resistance are shown 
to be significant, but for very fine particle sizes, inter-particle resistance may also be 
important.  The diameter of the adsorbent particle in a packed bed is optimized to balance 
inter- and intra-particle resistances and improve sorption rate.  In the literature, the linear 
driving force (LDF) approximation for intra-particle mass transfer is commonly used in 
place of the Fickian diffusion equation to reduce computation time; however, it is shown 
that the error in uptake prediction associated with the LDF depends on the working pair, 
half-cycle time, adsorbent particle radius, and operating temperatures at hand.   
 Different methods for enhancing sorption bed heat/mass transfer have been 
proposed in the literature including the use of binders, adsorbent compacting, and 
complex extended surface geometries.  To maintain high reliability, the simple, robust 
 xxv 
annular-finned-tube geometry with packed adsorbent is specified in this work.  The 
effects of tube diameter, fin pitch and fin height on thermal conductance, metal/adsorbent 
mass ratio and COP are studied.  As one might expect, many closely spaced fins, or high 
fin density, yields high thermal conductance; however, it is found that the increased inert 
metal mass associated with the high fin density diminishes COP.  It is also found that thin 
adsorbent layers with low effective conduction resistance lead to high thermal 
conductance.  As adsorbent layer thickness decreases, the relative importance of tube-
side convective resistance rises, so mini-channel sized tubes are used.  After selecting the 
proper tube geometry, an overall thermal conductance is calculated for use in a lumped-
parameter sorption bed simulation.  To evaluate the accuracy of the lumped-parameter 
approach, a distributed parameter sorption bed simulation is developed for comparison.  
Using the finite difference method, the distributed parameter model is used to track 
temperature and refrigerant distributions in the finned tube and adsorbent layer.  The 
distributed-parameter tube model is shown to be in agreement with the lumped-parameter 
model, thus independently verifying the overall UA calculation and the lumped-parameter 
sorption bed model. 
 After evaluating the accuracy of the lumped-parameter model, it is used to 
develop a system-level heat pump simulation.  This simulation is used to investigate a 
non-recuperative two-bed heat pump containing activated carbon fiber-ethanol and silica 
gel-water working pairs.  The two-bed configuration is investigated because it yields a 
desirable compromise between the number of components (heat exchangers, pumps, 
valves, etc.) and steady cooling rate.  For non-recuperative two-bed adsorption heat 
pumps, the average COP prediction in the literature is 0.39 for experiments and 0.44 for 
 xxvi
models.  It is important to improve the COP in mobile waste heat applications because 
without high COP, the available waste heat during startup or idle may be insufficient to 
deliver the desired cooling duty.  In this thesis, a COP of 0.53 is predicted for the non-
recuperative, silica gel-water chiller.  If thermal energy recovery is incorporated into the 
cycle, a COP as high as 0.64 is predicted for a 90, 35 and 7.0°C source, ambient and 
average evaporator temperature, respectively.  The improvement in COP over heat 
pumps appearing in the literature is attributed to the adsorbent particle size optimization 






CHAPTER 1  
INTRODUCTION 
 
 As fuel costs and concerns over greenhouse gas emissions continue to escalate, 
waste heat recovery represents an increasingly attractive opportunity for reducing fuel 
consumption and improving energy efficiency in power generation, transportation, 
chemical and food processing and other sectors.  There are a number of waste heat 
recovery cycles available [1] to produce work, high grade heat or cooling.  An adsorption 
heat pump uses one such cycle, which can be driven by waste heat to produce cooling for 
space conditioning, ice making, food storage, electronics cooling or other applications.  
In these cycles, ads/desorption in the sorption bed heat exchanger provides the motive 
force for heat pumping.  In mobile applications, adsorption heat pumps can be used to 
cool the cabin without the power losses required to run a traditional belt-driven 
mechanical compressor, thereby improving fuel economy.  The present study seeks a 
comprehensive understanding of the operation of adsorption heat pumps by presenting 
simulations of coupled heat and mass transfer at the adsorbent particle, sorption bed 
component, and system levels, with the end goal of determining whether these devices 
are suitable for mobile cooling applications. 
1.1 Adsorption Cycle Description 
 A conventional adsorption heat pump functions in a manner similar to a vapor 
compression cycle [2], except that the refrigerant is compressed thermally in batch-wise 
fashion by controlling the sorption bed temperature.  The “conventional” moniker is used 




condenser and evaporator by valves, and 2) bed heating and cooling is controlled by two 
separate heat transfer fluid loops. 
1.1.1 Conventional: Single Bed 
 A single-bed adsorption chiller is shown in Fig (1.1a) along with the 





Fig 1.1: a) Intermittent adsorption chiller with b) example Clausius-Clapeyron 




From Fig (1.1b), it can be seen that uptake, or adsorbate content, increases with 
increasing vapor pressure and decreases with increasing temperature [3].  The basic 
adsorption cycle is comprised of four modes that repeat in succession: isosteric heating 
(aˊ-bˊ), desorption (bˊ-cˊ), isosteric cooling (cˊ-dˊ) and adsorption (dˊ-aˊ).    The term 
isosteric implies constant refrigerant mass, both vapor and adsorbed, in the closed 
sorption bed.  At state aˊ in Fig (1b), the sorption bed is isolated from the condenser and 
evaporator and then heated to desorb a small amount of adsorbate, or refrigerant, into the 
closed volume, which pressurizes the bed to the condenser pressure, Pc.  This prevents 
refrigerant from being adsorbed from the condenser during the subsequent mode, thereby 
circulating refrigerant in the desired direction.  Once the bed pressure reaches Pc at state 
bˊ, the bed is opened to the condenser to begin the second mode, desorption.  By 
continuing to heat the bed and raise its temperature, the equilibrium adsorbate content is 
lowered, which drives refrigerant from the bed to the condenser.  From there, the 
refrigerant is condensed and collected in a receiver.  This receiver might also be 
integrated into the evaporator.  As the uptake in the adsorbent is depleted, the desorption 
rate decreases.  Once this rate becomes unsatisfactorily low, the sorption bed is closed 
from the condenser at state cˊ.  It is then pre-cooled during the isosteric cooling mode to 
induce a small amount of adsorption from the bed void volume, which depressurizes the 
bed to the evaporator pressure, Pe, in order to prevent desorption into the evaporator 
during the subsequent adsorption stage.  Desorption into the evaporator causes an 
undesirable spike in chiller cooling power [4].  When the bed and evaporator pressures 
are nearly equal at state dˊ, the valve connecting these components is opened to begin 




adsorbate content increases.  This increase causes refrigerant to be adsorbed from the 
evaporator, which lowers the evaporator pressure and temperature.  The adsorption stage 
serves two purposes: it induces evaporative cooling and it restores the refrigerant supply 
of the sorption bed.  As the adsorbent becomes saturated with refrigerant, its adsorption 
rate decreases to the point at which the cycle must begin anew at state aˊ. 
 The times for the desorption and adsorption modes can differ because of different 
heating/cooling rates and switching conditions.  Zhang [5], for example, presented a 
chiller that adsorbed almost 50 percent longer than it desorbed.  Evaporative cooling 
should only occur during the adsorption mode, so between the other three modes, there is 
a reduction in cooling power.  As a result, the single-bed chiller is also known as an 
intermittent chiller.  Because of the substantial amount of time between the adsorption-
induced cooling stages and the inability to recuperate energy (or mass), single-bed 
chillers are infrequently used.  The two-bed module is more common. 
1.1.2 Conventional: Two Bed 
 A two-bed adsorption heat pump (Fig 1.2) functions like two single-bed devices 
operating one-half cycle out of phase.  The first sorption bed undergoes isosteric heating, 
desorption, isosteric cooling and adsorption, while the second completes isosteric 
cooling, adsorption, isosteric heating and desorption over the same time increments.  
Because one bed can adsorb while the other desorbs, there is less non-productive time 
than with the single-bed module.  Having less non-productive time reduces evaporator 
temperature fluctuation and utilizes the condenser and evaporator components better.  
Also, with two or more sorption beds, there is an opportunity for energy and mass 
recovery to improve efficiency or specific cooling power.  These recuperative 





 Other cycle configurations that employ more heat exchangers have been 
investigated by other authors and are explained in Chapter 2; however, the present work 
only studies the conventional two-bed configuration because it affords the balance of 
cooling power continuity and simplicity needed for mobile cooling applications. 
1.2 Attributes of Adsorption Heat Pumps 
 Adsorption heat pumps have some unique characteristics.  Because they utilize a 
solid adsorbent, they are insensitive to orientation or vibration, which is advantageous for 
mobile applications.  Adsorption heat pumps operate quietly since no compressor is 
needed.  This can be advantageous in, for instance, military applications that are sensitive 
to noise or vibration.  Furthermore, adsorption heat pumps are not at risk for 
crystallization, as in LiBr-water absorption heat pumps, so they have greater flexibility in 
operating conditions.  Adsorption heat pumps also do not require rectification as in 
ammonia-water absorption, so fewer heat exchangers are required.  In adsorption, there is 
the potential for simple, reliable cooling systems since an adsorption heat pump can 
 




operate with as few as three heat exchangers: sorption bed, condenser and evaporator.  
Alternatively, additional sorption bed heat exchangers may be used to either decrease the 
driving temperature lift or increase the amount of evaporative cooling per cycle, so the 
systems are highly adaptable. 
 The deficiencies of adsorption heat pumps are their intermittency, low efficiency 
and large size.  Batch-wise operation and intermittent cooling are an artifact of using a 
solid adsorbent.  Unlike liquid absorbent, which can be circulated between the absorber 
and desorber in an absorption heat pump, packed solid adsorbent is stationary, and its 
refrigerant uptake (or adsorbate content in kilograms per kilogram adsorbent) can only be 
regenerated by switching the sorption bed from the desorption to the adsorption mode.  
Multiple sorption beds may be used to reduce the proportion of cycle time without 
evaporative cooling.  In the two-bed arrangement, for example, the sorption beds are 
toggled out of phase so that one bed is adsorbing while the other bed desorbs to recharge 
the refrigerant supply in the condenser/evaporator system; the only time when 
evaporation does not occur is during the shorter isosteric de/pressurization stages.  
Adsorption chillers typically have coefficients of performance (COPs, defined by Eq 
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Such low efficiency is largely a result of switching.  During desorption, a sorption bed is 
heated from low to high temperature in order to decrease the equilibrium adsorbate 
content and desorb refrigerant.  As this happens, sensible heat is transferred to and stored 




when the sorption bed is cooled to low temperature to induce adsorption, some or all of 
the stored thermal energy is expelled. 
 Traditionally, adsorption modules have had poor specific cooling power 












In past designs, the ads/desorption processes occur slowly, which means that a large mass 
of adsorbent is required to accumulate or supply refrigerant at a sufficiently high rate to 
produce the desired cooling power.  The sorption bed heat exchanger should be designed 
in such a way that heat can be transferred to the adsorbent quickly to induce desorption 
and transferred from the adsorbent to maintain adsorption.  In the current state of the art, 
the adsorbent in the sorption bed takes the form of a packed bed for reasons related to 
mass transfer and simplicity.  One disadvantage of the packed bed arrangement is that its 
heat transfer characteristics are relatively poor.  Packed beds have large thermal contact 
resistance and low effective conductivity.  These resistances must be compensated for 
using fins and other extended surfaces to achieve an adequately high thermal 
conductance, or UA, for good thermal control; however, because of thermal switching 
and the sorption bed temperature swing, improvements in heat transfer performance 
resulting from large finned surfaces must be weighed against decreases in efficiency that 
arise from repeatedly heating a larger heat exchanger mass. 
1.3 Scope of Present Work 
 The present study analyzes a two-bed adsorption heat pump at three levels.  
Firstly, the adsorbent-adsorbate interaction is studied.  The rate of intra-particle diffusion, 




role in determining the ads/desorption rates for working pairs, geometries and operating 
conditions of interest.  Many investigations have applied a simplified diffusion model, the 
linear driving force (LDF) approximation, without adequate validation.  It is shown here 
that the accuracy of the LDF relative to the Fickian diffusion (FD) equation that it 
approximates is a function of the refrigerant diffusivity, adsorbent particle radius, cycle 
time, and operating temperatures and pressures.  These parameters are lumped together 
using a dimensionless time and dimensionless adsorbate content.  These two 
dimensionless variables are used to map regions where the LDF may be safely applied.  
The finite volume method (FVM) is used to solve the FD equation in instances when the 
LDF is not valid.  The FVM diffusion model is developed for cylindrical and spherical 
geometries and is used to optimize particle diameter for a silica gel-water sorption bed. 
 The sorption bed component is also studied in detail.  By optimizing both the 
adsorbent particle and sorption bed geometry, the SCP can be significantly enhanced to 
overcome what has formerly been a significant drawback for adsorption heat pumps.  The 
thermal conductance is calculated for an optimal heat exchanger geometry using a 
thermal resistance network for the annular fin geometry.  The annular fin height and pitch 
are parameterized to achieve the optimal balance between heat transfer surface area and 
metal mass.  The thermal resistance network is then validated using a segmented sorption 
bed analysis that couples the temperatures of the heat transfer fluid, sorption bed heat 
exchanger and adsorbent. 
 The third level studied in this thesis is the system level. In the system-level model, 
the energy and mass balances for the sorption heat exchangers are coupled with those for 




chiller concepts were driven by medium-grade waste heat from the exhaust stream; 
however, this heat can be somewhat difficult to recover because of the high gas-side 
thermal resistance and potential damage to the adsorbent.  This work takes a different 
approach by using low-grade waste heat from the engine coolant stream, which 
capitalizes on the ability of some working pairs to function across low temperature lifts.  
Using liquid engine coolant as a heat source improves the heat transfer coefficient to the 
adsorbent and does not pose the risk of thermal degradation to the adsorbent.  Also, as 
waste heat recovery is increasingly implemented to minimize fuel consumption, using 
engine coolant heat reserves the high-temperature exhaust heat for waste heat cycles such 
as organic Rankine cycles, that require a higher source temperature to operate efficiently.  
The nominal operating conditions used for this system-level study are: Tdes,in = 90°C, 
Tads,in = Tc,in = Te,in = 35°C.  The inlet air temperature for the evaporator is the same as the 
inlet water and air temperatures for the adsorber and condenser, respectively, because in 
automotive applications applications, air is drawn from the ambient.  This is in contrast to 
building air conditioning in which the evaporator air inlet temperature is at a lower 
temperature.  The target cooling load is 1.3 kW with an average delivered air temperature 
of 5°C.  Silica gel-water and activated carbon fiber (ACF)-ethanol working pairs have the 
necessary adsorption isotherms for the low temperature lift application being considered 
and are compared throughout this study. 
 The primary questions answered during the course of this work are: 
 Under what conditions can the linear driving force approximation be used to model 
diffusion mass transfer? 





 Which working pair, silica gel-water or ACF-ethanol, is more appropriate for the 
application being considered? 
 What COP and SCP can be achieved with these working pairs without recuperation 
or with energy recuperation? 
 Is a conventional two-bed adsorption heat pump feasible for mobile air 
conditioning? 
 
 The chapters are arranged as follows.  Chapter 2: Literature Review, Chapter 3: 
Refrigerant Mass Transfer, Chapter 4: Sorption Bed Heat Exchanger Design, Chapter 5: 
System-Level Modeling of a Two-Bed Adsorption Chiller, Chapter 6: Conclusions and 









 Adsorption heat pumps were first commercialized in the 1920s ([7] cited in [8]).  
Silica gel-sulfur dioxide units were employed aboard rail cars and in domestic and 
commercial refrigerators.  Interest in adsorption for waste-heat and solar applications was 
rekindled in the 1980s.  Since that time, adsorption refrigeration has been a consistent 
area of research.  Adsorption research may be categorized as cycle design, working pair 
development, sorption bed heat exchanger design and application identification.  Each of 
these categories are discussed in this chapter, and some of the research questions that 
remain unanswered are posed. 
2.2 Cycle Design: Adsorption Heat Pump Configurations 
 The conventional single- and two-bed configurations described in Chapter 1 are 
the most fundamental adsorption heat pumps.  To meet efficiency and cooling power 
demands under different operating conditions, a variety of adsorption cycle types and 
hardware configurations have been proposed.  They fall into three primary categories, 
conventional, thermal wave and vacuum chamber, and are further sub-categorized by the 
presence of heat/mass recovery or staging. 
2.2.1 Conventional: Two-Bed 
 Before introducing some of the advanced cycles, some nuances of the 
conventional single- and two-bed chillers should be discussed.  Despite maintaining 
evaporative cooling during a greater portion of the cycle than the single-bed chiller, the 




these times, there is only sensible heat exchange between the chilled fluid stream and the 
evaporator.  Some chillers have been designed to smooth evaporator temperature peaks 
during isosteric stages when the application requires processes such as dehumidification, 
or for some industrial processes [9].  Chua et al. [4] reported using a large refrigerant 
charge so that 50 kg of refrigerant settled in the evaporator at cyclic steady state, thus 
increasing evaporator heat capacity and smoothing its temperature history. One 
disadvantage of relying on large heat capacity to provide temperature smoothing is that 
the chiller startup time increases.  In order to deliver a more constant cooling power and 
temperature without increasing evaporator heat capacity, Van Benthem et al. proposed a 
bypass valve for the adsorber coolant.  Typically, the adsorption rate is rapid in the 
beginning but slows with increasing time.  This results in diminishing evaporator cooling 
power.  A bypass valve was used to reduce the adsorber cooling and, consequently, 
adsorption rates during the beginning of the cycle.  This saved adsorption capacity for 
later in the adsorption cycle when the bypass valve was closed to cool the adsorber at full 
capacity.  Another approach to smoothing evaporator temperature is to use a multi-bed 
design. 
2.2.2 Conventional: Multi Bed 
   Saha et al. [10] and Chua et al. [9] proposed three- and four-bed chillers, 





 In these multi-bed modules, switching is controlled in such a way that at least one 
bed is always connected to the evaporator so that adsorption and evaporative cooling 
always occur.  Also, at least one bed is always connected to the condenser so that 









 The multi-bed chiller has other advantages besides continuous adsorption.  Two 
or more beds can be heated in series to cascade the source energy stream.  In waste heat 
applications where the objective is to produce maximum cooling from a heat stream that 
would otherwise be discarded, the waste heat recovery efficiency (Eq 2.1) may be a more 
important metric than COP. 
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  (2.1) 
The waste heat recovery efficiency is the ratio of the cooling produced to the maximum 
possible heat input that would be occur if the heat transfer fluid temperature decreased to 
ambient temperature.  Chua et al. [9] compared two-, four-, and six-bed silica gel-water 
chillers optimized for cycle time and operating between the same temperatures.  The 
adsorbent mass, heat exchanger mass and refrigerant inventory were the same for each 
case.  They reported that the four-bed chiller had 70 percent greater waste heat recovery 
efficiency than the two-bed chiller, and the six-bed chiller had 40 percent greater 
efficiency than the four-bed.  Saha et al. [10] reported that their three-bed chiller had 35 
percent higher waste heat recovery efficiency than a two-bed chiller. 
2.2.3 Thermal Energy Recovery 
 Adsorption heat pumps with at least two sorption beds may employ thermal 
energy recovery.  Because adsorption devices usually have low thermodynamic 
efficiency [11], energy recovery is especially important in cycles powered by valuable, 
high-temperature heat sources, or in waste heat applications where a minimum COP 
requirement for the finite waste heat stream to reach a desired cooling power.  Poyelle et 
al. [12] provided the relative heat inputs for their two-bed, zeolite-water recuperative 




to heating adsorbent, 13 percent to the sorption bed heat exchanger (7 percent to sorption 
bed heat exchanger, and 6 percent to heat exchanger shell), 10 percent to heating 
adsorbed phase, and 10 percent to external losses.  These values indicate that perhaps 41 
percent of the heat input is devoted to sensible heating of the sorption bed heat 
exchanger, adsorbent and adsorbed phase, and for heat pumps employing refrigerants 
with lower latent heats of vaporization than water, this fraction may be larger.  Rather 
than expelling the stored thermal energy to the heat sink after the desorption stage, some 
of it can be recuperated to pre-heat another bed.  Cerkvenik et al. [13] showed that the 
amount of energy that can be recovered is a function of inert mass in the sorption bed 
heat exchanger.  They noted that as the heat recovery efficiency, rec rec,maxQ Q   , 
decreased, the amount of inert sorption bed mass had a greater effect on efficiency.  For 
an ideal recovery efficiency (η’ = 1), COP is unchanged by the amount of inert bed mass 
since all sensible heat is recovered. 
 One example of energy recovery is the series heat transfer fluid configuration 
utilized in the multi-bed chiller of Chua et al. [9] where heat transfer fluid leaving a 
primary desorber was routed to a secondary desorber before returning to the heat source.  
This arrangement is also known as internal cascading.  Douss and Meunier [13] 
experimented on a different type of energy recovery involving a heat transfer fluid 
cascade between two separate adsorption groups.  In their investigation, adsorption heat 
from a two-bed, zeolite-water adsorption cycle was used to power a single-bed, activated 





The zeolite side had one condenser/evaporator set and the activated carbon side had 
another.  The nominal temperatures for the desorbing zeolite, adsorbing zeolite and 
desorbing activated carbon were 220°C, 105°C and 100°C, respectively.  The 
experimental COP for the cascaded cycle was 1.06.  In addition to the improved 
efficiency, the inter-chiller cascading cycle is useful because high temperature waste heat 
can be used for ice making.  The zeolite-water working pair is commonly used for 
desorption temperature above 200°C but cannot be used for freezing because of the water 
refrigerant.  Methanol has a freezing point well below 0°C and can be used for ice 
making, but it decomposes into  dimethyl-ether, methoxi-methyl-methyl-ether and 
ethanol near 110°C [15], so it cannot be driven by high source temperature.  With the 
inter-chiller cascading arrangement, the water evaporator can pre-cool the chilled stream 
while the methanol evaporator freezes it.  In this way, the cascaded arrangement allows 
high-temperature zeolite-water pair to be incorporated in an ice making machine. 
 




 Liu and Leong [16] studied a cascading cycle employing three sorption beds.  Hot 
heat transfer fluid leaving either of two high-temperature, zeolite beds was used to power 
a single silica gel unit.  Unlike the cascaded cycle of Douss and Meunier, Liu and Leong 
used just one refrigerant: water.  This allowed a common condenser and evaporator to be 
used.  The cycle diagram, Fig 2.3, shows that there are two cycles operating between the 
same temperatures.  The numerical prediction for the combined COP was 1.35, although 
this system was not fabricated and tested. 
 
The cycles of Douss and Meunier and Liu and Leong also employed internal energy 
recovery between the two high-temperature zeolite beds.  Internal energy recovery takes 
advantage of the temperature difference between the desorbed and adsorbed beds just 
before switching.  At the end of the desorption stage, the hot desorbed bed is about to be 
cooled.  Meanwhile, the cool adsorbed bed is about to be heated.  Rather than discarding 
the thermal energy stored in the hot bed, it is transferred from the desorbed to the 
adsorbed bed by a heat transfer fluid.  Depending on the relative heat capacities of the 
beds, their initial temperatures, the heat exchange effectiveness and duration of the 
 




recovery process, energy recovery can provide all the heat for the isosteric heating stage 
and part of the heat for the desorption stage (Fig 2.4).  
 
Several different embodiments of the recuperative fluid loop have been proposed.  For 
instance, Critoph [17] noted that a heat pipe could be used to transfer energy between the 
beds.  Douss et al. [18] modeled a two-bed, zeolite (13X)-water heat pump with energy 
recovery.  At the conclusion of the ads/desorption stages, thermal energy in the hot bed 
was transferred to the coolant.  The heated coolant was then routed to the adsorbed bed 
before returning to the cooling reservoir. 
 
Fig 2.4: Energy recovery process on a Clausius-Clapeyron diagram 
 





 Cacciola et al. [19] also modeled a two-bed adsorption device with energy 
recovery, which utilized a closed fluid loop (Fig 2.5).  The duration of the energy 
recovery period affects performance.  As the heated and cooled bed temperatures 
approach an equilibrium value, the cycle efficiency asymptotically increases; however, 
longer recovery times correspond to longer non-productive times.  In a later paper, 
Cacciola and Restuccia [20] again analyzed the two-bed, heat transfer fluid circulation 
energy recovery scheme using a thermodynamic model like the one presented in Chapter 
3, which does not explicitly take into account heat and mass transfer resistances or 
changes in performance with respect to cycle time.  Van Benthem et al. [21] also 
modeled a two-bed, zeolite-water heat pump employing a closed-loop energy recovery 
scheme for high-temperature applications.  They pointed out that heating the desorber to 
very high temperatures does not yield a commensurate return in cooling power because 
the adsorbent is essentially dry at moderately high temperatures.  To avoid heating the 
desorbing bed beyond the maximum useful temperature, van Benthem et al. stopped 
heating the desorbing bed before the end of the desorption stage.  This decreased the 
sensible heat input to the desorbing bed and also decreased the amount of pre-cooling 
needed during the subsequent isosteric cooling stage. 
 The various energy recovery schemes have different levels of complexity.  In the 
cascading chiller of Douss and Meunier [14], the energy recovery fluid lines alone 
required four control valves.  The chiller investigated by Cacciola et al. [19] required ten 
fluid control valves altogether while the chiller of Douss et al. [18] required 15.  Van 




desirable to use fewer valves to save cost, space, weight and electricity consumption, and 
to increase reliability. 
 One problem with energy recovery is that the heat transfer rate to the desorbing 
bed during recovery is less than when it is connected to the heat source; as a result, the 
desorption rate is lower during energy recovery.  Chua et al. [22] proposed a passive 
means of thermal energy recovery that did not affect the sorption bed heating rate.  Just 
after switching, the coolant leaving the desorbed bed is warm while the heating fluid 
leaving the adsorbed bed is cool.  Rather than routing these fluids to their respective 
storage tanks, Chua et al. sent the warm coolant to the heat storage tank while the cool 
heating fluid was directed to the cooling tower (Fig 2.6).  After the exiting fluid 
temperature equilibrated about 15 s into the passive energy recovery mode, the coolant 
outlet was redirected to the cooling tower and the heating fluid outlet was redirected to 
the heat storage tank. 
 
The advantage of the passive scheme compared with the other fluid circulation methods 
is that cooling power and efficiency are independent because the cycle time is not 
changed by the energy recovery process.  Wang et al. [23] showed experimentally that 
the passive energy recovery scheme can improve the COP of a two-bed chiller by 14-38 
 




percent (Fig 2.7), depending on cycle time, with negligible effect on cooling power.  
Similar improvement was shown for a four-bed, single-stage chiller.  Wang and Chua 
[24] compared the cascaded coolant recovery method used by Douss et al. [18] with the 
passive valve switching scheme.  They showed that both methods provided an 
approximately 40 percent enhancement in COP over a non-recuperative chiller.  One 
disadvantage of the passive method is that it is incompatible with systems employing 
once-through, air-coupled adsorbers. 
 
 
 Ziegler and Satzger [25] outlined another heat recovery possibility: they proposed 
partitioning the sorption bed into a number of compartments.  In this arrangement, heat is 
exchanged between the hot and cold compartments in stages as illustrated in Fig 2.8 for 
three compartments.  Unlike conventional heat transfer fluid circulation in which 50 
percent (neglecting the change in heat capacity due to differences in adsorbate content) of 
 
Fig 2.7: Closed loop and passive energy recovery heat transfer fluid temperatures 




the thermal energy can be transferred, Zeigler and Satzger showed that 73 percent of the 
energy can be transferred by dividing each of the beds into four compartments and 
exchanging heat between optimal pairs.  Ziegler and Satzger indicated that the added 
complexity of partitioning the beds and switching fluid between those partitions may 
limit a real heat pump to two or three partitions.  It should be noted that even with just 
two partitions, this arrangement takes longer than the conventional heat transfer fluid 
closed-loop energy recovery scheme, which means that the specific cooling power is 
more drastically affected.  Nevertheless, if the heat source is valuable, this sort of 
arrangement could be used to recover energy in multi-bed chillers with each bed acting as 
a partition. 
 
 Pons and Poyelle [11] compared the conventional two-bed cycle with energy 
recovery by a closed fluid loop to the thermal wave cycle, which is explained in detail 
below.  Both cycles were modeled with mass recovery.  Using Eqs (2.2, 3) for entropy 
production in the hot and cool beds, respectively, they showed that the entropy 
production resulting from heat transfer is greater in the conventional device than in the 
thermal wave device. The thermal wave heat pump exhibited higher COP while the fluid-
circulation-loop device tended to have higher SCP and was more complex. 
 
Fig 2.8: Energy recovery with partitioned sorption beds (reprinted with permission, 
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 Jones [26] qualitatively showed that a recuperative heat exchanger can be used to 
pre-cool condensate.  Refrigerant exiting the condenser is cooled further by evaporated 
vapor before entering the expansion valve.  This is commonly done in absorption, but is 
has not been widely implemented in adsorption. 
2.2.4 Mass Recovery 
 Concluding the ads/desorption stages, the desorber is about to be cooled to low 
temperature to decrease its pressure while the adsorber is about to be heated to high 
temperature to increase its pressure.  These de/pressurization processes can be partially 
achieved by connecting the beds and allowing them to equilibrate to intermediate 
pressure in what is known as a mass recovery stage.  As refrigerant flows from the high-
pressure to the low-pressure side, the concentration of the desorbed bed continues to 
decrease during the mass recovery process and the concentration of the adsorbed bed 
continues to increase (Fig 2.9).  Compared with thermal de/pressurization, which occurs 
along an isostere, mass recovery increases the difference between the initial and 
equilibrium concentrations during the subsequent ads/desorption stages, and therefore 





Mass recovery is particularly advantageous when the pressure difference between the 
beds at the end of the ads/desorption stage is high (i.e., when the evaporator temperature 
is low and the condenser temperature is high) [27].  Wang [28] showed that the 
enhancement in COP accompanying mass recovery is greatest for low.to moderate source 
temperatures. 
 Investigators have modeled the mass recovery process in different ways.  Pons 
and Poyelle [11] provided first- and second-law thermodynamic models for a mass 
recovery stage during which the sorption beds were neither heated nor cooled.  Khan et 
al. [29] modeled mass recovery by assuming the pressure of the two beds were instantly 
equal to that which yielded equal desorption from the hot bed and adsorption in the cool 
bed.  That intermediate pressure was found by iteration.  Di et al. [30] used an 
incompressible pressure drop calculation (Eq 2.4) to calculate the inter-bed vapor flow 
rate during mass recovery: 
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 (2.5). 
The incompressible assumption may not be applicable for low-pressure vapors such as 
water, which can flow at high velocity.  No investigators appear to have used 
compressible flow models to predict pressure drop during mass recovery. 
 Akahira et al. [31] modeled mass recovery with and without continued heating in 
a two-bed, silica gel-water chiller.  The purpose of continued heating was to further 
increase the difference between the maximum and minimum concentrations in order to 
increase cooling power.  The reason to not supply heat during mass recovery was to 
increase both cooling power and COP by effecting more cooling without sacrificing 
source energy.  For uniform chilled water outlet temperatures of 7°C, Akahira et al. 
showed that mass recovery with sustained heating resulted in a 19 percent increase in 
cooling power but no change in the COP compared with a non-recuperative chiller.  Mass 
recovery without heating increased the COP and cooling power by 28 and 9.4 percent, 
respectively.  Akahira et al. [32] validated this model experimentally with a silica gel 
(Type A)-water chiller. 
 Wang [28] studied a two-bed, activated carbon-methanol chiller with mass 
recovery.  Using an idealized model that did not account for the heat exchanger mass, 
Wang showed that the mass recovery stage increased COP by approximately 10 percent 




100°C.  The enhancement increased at lower source temperatures reaching approximately 
100 percent at 60°C.  
 In vacuum chamber adsorption heat pumps, which are discussed later, there are 
two evaporators.  The vacuum chamber device of Lui et al. [33] used a mass recovery-
like process in which the chilled fluid was circulated between the two evaporators in 
order to increase the temperature of the cold adsorbed side and decrease the temperature 
of the warm desorbed side.  This procedure induced changes in chamber pressure that 
were similar to those of mass recovery and allowed the two sorption beds to remain 
isolated in vacuum chambers for the sake of reliability.  The disadvantage of this 
procedure is that transferring heat between the evaporators is a dissipative process since 
there must be a finite temperature difference to transfer heat, ultimately lowering the 
delivered cooling load.  Wang et al. [34] modeled a different vacuum chamber device that 
used a vacuum valve for mass recovery.  Using just one vacuum valve allowed them to 
maintain high reliability in the vacuum chambers without transferring heat between 
evaporators. 
2.2.5 Thermal Wave 
 The thermal wave cycle of Shelton et al. [8, 35] is a fundamentally different 
version of the two-bed cycle.  It takes advantage of temperature and concentration 
gradients in the sorption bed to effect passive energy recuperation and high sorption rate.  
In a thermal wave configuration, heat transfer fluid is circulated in a single loop as shown 





The heat transfer fluid is heated and then enters the initially cool desorbing bed.  The heat 
exchanger is designed in such a way that the hot fluid transfers most of its available 








Fig 2.10: a) Thermal wave chiller [36], b) desorbing bed temperature, advancing 




should conduct heat well in the direction perpendicular to the flow of the heat transfer 
fluid.  The arrangement creates a temperature gradient parallel to the net fluid flow with 
the high temperature region advancing through the bed as time elapses.  The high 
temperature region desorbs refrigerant, which is supplied to the condenser like in 
conventional two- or single-bed cycles.  The heat transfer fluid leaving the desorbing bed 
is pre-cooled by the region near the heat exchanger exit (Fig 2.10b).  After leaving the 
desorbing bed and passing through a cooler, the heat transfer fluid enters the initially hot 
adsorbing bed where it induces the positive, moving temperature gradient shown in Fig 
(2.10c).  The fluid leaving the adsorbing bed is pre-heated by the hot adsorbent so that 
less thermal energy must be added by the heater as the heat transfer fluid returns to repeat 
its cycle.  In this manner, the thermal wave process passively recuperates energy.  
Szarzynski et al. [37] indicated that the coefficient of regeneration (Eq 2.6) can be as high 






   (2.6) 
Amar et al. [38] showed that the coefficient of regeneration decreases with increasing 
cycle time.  This occurred because the temperature wave front approached the end of the 
sorption bed at longer cycle time, which increased the temperature of the fluid leaving the 
thermal wave desorber, thereby expelling more heat to the cooler.  This increased the 
amount of external heat that had to be supplied to the bed, Qin. 
 Once the temperature fronts reach the end of the ads/desorbing beds in a thermal 
wave device, the heat transfer fluid is reversed so that the desorbed bed begins the 
isosteric cooling mode and the adsorbed bed begins the isosteric heating mode.  The 




sorption capacity of the bed before the outlet fluid temperatures mandate heat transfer 
fluid reversal.  One significant advantage of the thermal wave design is that it does not 
require an array of heat transfer fluid switching valves but only a reversible pump.  
Shelton et al. [35] suggested that bypass valves can be used in the fluid loop to ensure the 
thermal waves in the adsorbing and desorbing beds reach the end of the beds at the same 
time.  For their system, they reported that approximately 15 percent of the fluid should 
bypass the bed being cooled in order to achieve symmetric ads/desorption times.  Note 
that this value could be different for other heat pumps and operating conditions. 
 In addition to passively recovering energy, another advantage of the thermal wave 
cycle is that the concentration gradient, which results from the temperature gradient, 
increases the ads/desorption rates.  For example, in the region ahead of the high 
temperature wave (Fig 2.10b) at a dimensionless bed length of 0.5, the adsorbate content 
is unaffected by the thermal wave until it advances to that point and begins heating.  At 
the instant the temperature front arrives, it lowers the adsorbent’s equilibrium adsorbent 
content.  Considering the expression for the time rate of change of uptake in a spherical 
particle (Eq 2.7) [39], it is seen that this will result in a high desorption rate, which leads 
to greater refrigerant mass flow rate to the condenser. 
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 Miles and Shelton [40] published experimental findings on the performance of a 
natural gas-powered thermal wave adsorption heat pump and chiller.  They showed that 
the amount of electricity input for the fluid pumps, fans and controls can amount to over 
seven percent of the heat input.  Presumably, this would also be true for other types of 




 Some variations of the thermal wave chiller have been proposed.  One version 
proposed by Hajji and Worek [41] utilized channels in the sorption bed pressure vessel to 
intermittently act as the condenser and evaporator.  This reduced the number of valves in 
the system; however, it necessitated a pump to circulate refrigerant between condensing 
and evaporating modes.  Jones [26] presented a multi-bed thermal wave cycle.  This cycle 
functioned in a similar manner to the two-bed thermal wave adsorption heat pump, except 
that the thermal wave was distributed over at least two sorption beds.  For a six-bed 
thermal wave design utilizing activated carbon (AX-21)-ammonia, Jones predicted a 
COP of 1.06 with 204.4°C (400°F) driving temperature, 37.8°C (100°F) coolant 
temperature, and 4.4°C (40°F) evaporator temperature.  This is an increase in COP over 
the two-bed thermal wave design of Miles and Shelton [40], who reported an 
experimental gas COP of 1.01 under more favorable conditions: Tdes=232.2°C (450°F), 
Tc= 33.3°C  (92°F), Te= 10.6°C (51°F); however, multi-bed thermal wave design required 
at least eight heat transfer fluid switching valves compared with none in the conventional 
thermal wave heat pump. 
 Critoph [42, 43] proposed a variation of the thermal wave heat pump called the 
convective thermal wave cycle.  Rather than circulating heat transfer fluid through 
sorption bed heat exchanger tubes, this device circulates refrigerant (Fig 2.11).  On the 
high-pressure side, externally heated refrigerant enters the desorber where it heats 
adsorbent and creates a thermal wave profile.  A portion of the refrigerant is condensed 
and the balance is forced through a regenerative inert bed.  On the low-pressure side, 
refrigerant is externally cooled before entering the adsorber.  Heat of adsorption is 




made of packed steel balls [43], preheats the stream during the subsequent desorption 
stage to improve cycle efficiency.  The circulation rate is five to ten times the 
ads/desorption rates.  One might expect the circulating fan power input to be quite high 
but Critoph indicated that it is at least two orders of magnitude less than the cooling 
power [43]. 
 
The advantage of the convective wave device is that the adsorbent particles have more 
surface area than conventional heat exchanger tubing; Critoph [43] wrote that packed 2.5 
mm-diameter activated carbon particles have 1500 m2/m3 volumetric surface area for heat 
transfer.  By using adsorbent particles themselves as a heat exchanger surface, thermal 
coupling to the heat source and ambient are improved.  One disadvantage of the 
convective thermal wave design is that it requires two inert heat exchangers to operate 
efficiently.  Although the inert beds are inexpensive, they occupy more space and are not 
needed in the conventional thermal wave heat pump to achieve similar performance.  A 
second disadvantage is that the refrigerant gas heater/cooler would presumably be larger 
 




than the liquid heater/cooler in the conventional thermal wave design adding volume, 
weight and cost.  Lastly, the heat/cooling loads must be toggled for each loop in the 
convective thermal wave loops, whereas the conventional thermal wave heat transfer 
fluid heater/cooler loads are continuous. 
 Both the thermal wave and convective thermal wave cycles passively recover 
thermal energy and neither require control valves to switch the heat source between the 
beds.  Thus, these systems are relatively efficient and simple.  The conventional thermal 
wave design, however, suffers from a very complex heat exchanger.  In order to allow 
enough heat transfer to the adsorbent before the liquid heat transfer fluid reaches the end 
of the bed, the heat exchanger tubing must be long.  Packaging a long tube in a compact 
shell is not easily done with conventional tubes.  Fuller et al. [36] used a spiral-wound 
tube with adsorbent between the pitch of the windings.  Simpler designs have been 
proposed and are discussed in the subsequent section that addresses heat exchanger 
design. 
2.2.6 Vacuum Chamber 
 For low-pressure refrigerant such as water, researchers have sought ways to 
circumvent pressure drops in the free refrigerant vapor stream, which adversely affect 
performance.  Lui et al. [33] tested a vacuum chamber system in which the sorption bed, 





In this design, pressure drops were mitigated by eliminating valves and connecting piping 
between the bed-condenser-evaporator system; the three heat exchangers were exposed to 
one another.  The desorption/condensation and adsorption/evaporation phases were 
controlled entirely by the heat transfer fluids, not by refrigerant valves.  Refrigerant 
desorbed into the free volume of the chamber was condensed by cooling water.  
Condensate collected on the evaporator until the subsequent adsorption stage when the 
sorption bed was cooled so that it adsorbed refrigerant, lowered the vapor pressure in the 
chamber and induced evaporation, which cooled the chilled water stream.  In addition to 
reducing pressure drops, this arrangement improves reliability, and it simplifies 
manufacturing and maintenance of sub-atmospheric pressure systems by reducing the 
chance for influx of noncondensables.  Lui et al.’s heat pump used heat transfer fluid 
circulation to recover thermal energy from the desorbed bed.  One disadvantage of the 
vacuum chamber system is that the condenser and evaporator are exposed to one another.  
 




When refrigerant evaporates, some of the vapor cools the condenser coolant, which is 
counter-productive.  In a second prototype chiller, Lui et al. added baffles to isolate the 
evaporator from the condenser and reduce the lost cooling capacity. 
 Wang et al. [34] modeled a similar device, except that they connected the two 
vacuum chambers using a valve to achieve mass recovery.  Using just one valve allowed 
them to maintain high reliability without significantly affecting evaporator temperature 
during mass recovery.  Another interesting feature of Wang et al.’s chiller is the 
methanol-filled gravitation heat pipe, which coupled the evaporators.  To mitigate the 
loss of cooling capacity to the condenser (explained for the chiller of Lui et al. in the 
previous paragraph), Wang et al. placed the condensers above the sorption beds so the 
condenser would not intercept evaporated refrigerant.  Vertical tubes were used to deliver 
condensate from condenser to evaporator.  These features of Wang et al.’s chiller are 
illustrated in Figure 1 of their paper [34].  Di et al. [30] also used a heat pipe to couple the 
two evaporators of a two-bed vacuum chamber chiller. 
2.2.7 Multi-Stage 
 One of the benefits of adsorption devices compared to other heat-actuated chillers 
is that they can be powered by low temperature lifts.  This is attractive because low-grade 
waste heat is plentiful and inexpensive.  Extremely low source temperatures may be used 
if the de/pressurization processes are completed in stages.  Figs (2.13 a,b) show the 






By operating two adsorption cycle loops in tandem, the staged chiller is able to increase 
refrigerant pressure from the evaporator pressure to the condensing pressure within a 
small temperature envelope.  The disadvantage of this system is that refrigerant is heated 
and desorbed twice (once during each stage) before being evaporated, so the COP is 
typically lower than that for a single-stage chiller.  For comparison, Hamamoto et al. [44] 










single-stage cycle, respectively, with 80°C source temperature. In that same paper, 
Hamamoto et al. simulated a two-stage silica gel-water chiller and validated that 
simulation with experiment.  Their two-stage chiller could operate at desorption 
temperatures as low as 55°C with 30°C coolant temperature. They investigated the effect 
of using different adsorbent mass ratios in the high-pressure (top) and low-pressure 
(bottom) sorption bed pairs and found that a top/bottom mass ratio of 2:5 yielded a 13 
percent improvement in cooling power compared with a two-stage chiller with equal 
mass distribution for 55°C driving temperature. 
 Khan et al. [29] simulated a two-stage silica gel-water chiller to determine the 
effects of thermal conductance (UA) and adsorbent mass.  Their two-stage chiller differed 
from most because each bed passed through all state points on the pressure-temperature-
adsorbate content diagram (Fig 2.13 a) and interacted with both the condenser and 
evaporator (see Figure 1 in their publication [29]).  Khan et al. reported that desorption 
temperatures as low as 50°C, with 30°C coolant and a chiller fluid temperature of 14°C, 
could be utilized for air conditioning.  It should be noted at these temperatures, a 
calculated COP of about 0.47 is reported for the two-stage chiller, which seems rather 
high and should possibly be validated by future work. In the two-stage configuration, at 
least one bed is in the adsorption mode at all times, while at least one bed is in the 
desorption mode at all times.  This results in a steadier refrigerant circulation rate and 
more even cooling capacity. 
 Saha et al. [3] proposed a three-stage, silica gel-water adsorption chiller with six 
sorption beds (Fig 2.14).  The three-stage chiller operates in a manner similar to the two-





Based on their theoretical study, Saha et al. found that the three-stage chiller could 
operate with regenerating temperature lifts as low as 20°C.  With 30°C coolant, the three-
stage module was able to drive their chiller with 50°C waste or solar heat.  At this source 
temperature, coolant temperatures of 20°C and 39°C yielded COPs of 0.21 and 0.14, 
respectively, and cooling duties of 2.21 and 0.09 kW, respectively.  With coolant 
temperatures below 28°C, it was reported that a source temperature as low as 40°C could 
be used.  Increasing source temperature from 40 to 60°C with 30°C coolant temperature 
increased cooling power from 0.37 to 1.62 kW although the change was less dramatic 
above 55°C.  Here, it is clear that ambient temperature has a strong effect on adsorption 
heat pumps.  If a heat pump consistently operates in an environment approaching or 
above 39°C, the COP and cooling capacity may be too low to justify the use of an 
adsorption chiller.  Saha et al. [45] validated the ability to utilize such low temperature 
lifts in a later study where they derived the minimum possible driving source 
 




temperature.  Using the Boltzmann distribution ratio (Eq 2.8), they showed that the 
minimum desorption temperature is a function of the adsorbent cooling temperature, 
evaporator temperature, and number of stages (Eq 2.9). 












Interestingly, the minimum source temperature does not theoretically depend on the 
working pair type. 
 In a later study, Saha et al. [46] presented simulation results for a dual-mode 
chiller that could operate in either six-bed, single-stage mode or three-stage mode.  The 
single-stage mode provided better efficiency when the desorption temperature was 
between 60 and 95°C.  For lower desorption temperatures between 40 and 60°C, the 
three-stage mode could be used.  In many waste heat and solar applications, the heat 
source duty and temperature are not usually constant.  The advantage of the dual mode 
system is that it has the flexibility to continue cold production as the available heating 
input changes. 
2.2.8 Other Low-Temperature-Lift Chillers 
 There are other ways besides staging to achieve the pressure and concentration 
swings needed to drive an adsorption heat pump with small temperature lifts.  Hamamoto 
et al. [47] proposed cascading chilled water from one two-bed module as coolant for a 
second two-bed module in order to produce ice when the temperature lift is small.  The 
process diagram in Figure 5 of their publication [47] shows that the state points for the 
85°C and 30°C adsorbent temperature fall on the same uptake line when the condenser 




85°C desorption temperature, the coolant temperature must be less than 30°C in order for 
a driving concentration difference to develop between the beds.  A topping silica gel-
water chiller powered by 80°C heat transfer fluid and 30°C coolant was used to produce 
10°C chilled water that was sent to a bottoming activated carbon-methanol chiller that 
was capable of producing -20°C chilled fluid when driven by the same 80°C source heat.  
The COP of the topping and bottoming chillers were 0.38 and 0.27, respectively.  The 
combined COP, COPt, was predicted to be 0.062 using Eq 2.10.  Such a low COP may 
make the adsorption unit prohibitively expensive for these operating temperatures; 
however, if there is no other option than to use a waste-heat or solar-powered chiller, as 
in remote applications, the work of Hamamoto et al. shows that adsorption chiller 










2.2.9 Mass Recovery with Multiple Sorption Beds 
 Mass recovery has been employed in some multi-bed and multi-stage chillers.  For 
instance, Alam et al. [48] and Akahira et al. [49] extended Akahira et al.’s previous 
works [31, 32] to a four-bed mass recovery cycle that incorporated two evaporators.  The 
evaporators could operate in series to achieve very low chilled water temperature or in 
parallel for greater cooling load.  Oliveira et al. [50] conducted experiments on a two-
stage ice maker with mass recovery between the low-pressure beds and, separately, 
between the high pressure beds.  The Clausius-Clapeyron diagram for their chiller is 
shown in Fig 2.15.  The highest COP reported was 0.1.  This low value was probably a 
result of the low evaporator temperature needed for ice making, which corresponds to 




bed inert mass, which was thermally cycled between high and low temperatures, which in 
turn lowered the efficiency.  The two-stage, mass recovering chiller was compared with a 
two-bed, mass recovering chiller and a conventional non-recuperative chiller.  Oliveira et 
al. reported that the conventional mass recovery technique worked best for the higher 
desorption temperature tested (115°C) while the two-stage mass recovery technique 
worked best at lower desorption temperature (85°C).  Khan et al. [27] described a six-
bed, three-stage chiller similar to Saha et al.’s three-stage device but with mass recovery. 
 
2.2.10 Combined Energy and Mass Recovery 
 In efforts to maximize performance, some investigators have combined energy 
and mass recovery.  The recuperative two-bed and thermal wave chillers modeled by 
Pons and Poyelle [11] each used mass recovery as did the experimental zeolite-water 
chiller studied by Poyelle et al. [12].  Ng et al. [51] used the passive energy recovery 
scheme together with mass recovery in a four-bed chiller.  They reported experimental 
COP improvements of up to 48 percent over a non-recuperative chiller depending on 
 
Fig 2.15: Clausius-Clapeyron diagram for two-stage chiller with mass recovery 




cycle time when the mass recovery period lasted 10-20 s.  Similarly, Wang [28] predicted 
a COP approaching 0.8 for an activated carbon-methanol chiller that combined energy 
and mass recovery with 110°C source temperature.  The vacuum chiller of Liu et al. [33] 
used cascaded coolant to recover heat along with a mass recovery-like process. 
2.2.11 Comparison of Cycle Performance 
 Figs (2.16 a,b) plot the COP and SCP for cycles in the literature using a form of 









Many publications have omitted some of the information needed to calculate the reduced 
temperature.  Generally, those studies have not been included in Figs (2.16 a,b); however, 
if the minimum adsorber temperature was not listed in the original publication, but the 
coolant inlet temperature was, the coolant inlet temperature was used instead.  
Recuperative chillers include the thermal wave devices, cascaded configurations, or 
chillers employing energy or mass recovery.  The conventional chillers are those with 
separate hot and cool heat transfer fluid loops that do employ recuperative mechanisms. 
 In Figs (2.16 a,b), it is seen that COP and SCP are highest at the lower reduced 
temperatures.  This is expected since low reduce temperature corresponds to low coolant 
temperature, high evaporator temperature, high desorber temperature or some 
permutation of these, which yields favorable conditions.  The large scatter in the plots is a 
result of many factors: differences in working pair, wall heat transfer coefficients, heat 
pump type or the modeling or experimental techniques employed. 
 COP values in Fig (2.16a) are between 0.2 and 0.6 for most heat pumps.  The 




thermal wave chiller does not appear for a reduced temperature greater than about 0.2.  
This may be because the thermal wave design is most effective when the temperature 
gradient is large, which occurs when the temperature lift is high and the reduced 
temperature is low.  Most of the regenerative chillers are confined to reduced 
temperatures of about 0.45, which is likely because the higher-value heat used at the 
lower reduced temperatures justifies the additional hardware investment in recuperative 
chillers such as heat transfer fluid loops for energy recovery, vapor valves for mass 
recovery, or more complex heat exchangers in the case of thermal wave devices. 
 The SCPs are plotted in Fig (2.16b).  Most of the experimental studies lie below 
200 W/kg although there are a few recent reports, by Vasta et al. [52] W/kg and 
Tamainot-Telto et al. [53], who have experimentally confirmed the feasibility of 
achieving high specific cooling power.  Of the five mobile-specific heat pumps, three 
have SCPs above the 200 W/kg divide, which was the target SCP set by Zhang [5] for 












 Additionally, the performance for conventional, vacuum chamber, staged and 
recuperative heat pumps are compiled in Tables (2.1-4) for various experimental and 
simulation studies.  Depending on the switching criteria for the adsorption unit, some 
authors reported minimum adsorber temperature while others simply reported adsorber 
coolant inlet temperature.  If Tads and Tc are the same, the coolant temperature has been 
reported. 
 Figure 2.17 shows the mean COP values calculated for each type of adsorption 
heat pump.  The mean COPs for the conventional heat pumps are 0.33 for single-bed 
experimental studies, 0.39 for two-bed experimental studies and 0.44 for two-bed models.  
The overall average for the conventional, non-recuperative heat pumps is approximately 
0.4.  Of the heat pumps with heat and/or mass recovery, the average experimental COP is 
0.39 and the modeled COP is 0.54.  These averages are subject to the operating 
conditions and applications of the heat pumps.  Some of the recuperative heat pumps, like 
that of Tamainot-Telto et al. [53], strive for high specific cooling power rather than 
efficiency, which explains why the experimental COPs for recuperative chillers are not 
higher than those of the conventional, non-recuperative chillers.  The thermal wave heat 
pumps have, by far, the highest efficiency: the average experimental COP is 0.72 and the 





 Note that in all cases, the model average exceeds the experimental average.  Many 
of the heat pump models are thermodynamic or lumped parameter models that do not 
account for line losses, two-phase pressure drops in heat exchangers or heat loss from the 
desorber to the environment.  If these and other losses were accounted for, the aggregate 





Fig 2.17: Mean COPs for various heat pumps reported in the literature 
 
 
Table 2.1: Conventional Adsorption Heat Pump Performance 
Author Year Type Pair tcyc [s] Tdes/Tads/Tc/Te [°C] COP [-] SCP [kW] Exper. Model Notes 
Zhang & 






107 450/80/45/10 0.41 45   









7890 310/-/45/10 0.38 27.5   
 Mobile waste heat 
Restuccia et 
al. [55] 2002 
- Zeolite-
water  210/40/40/3 - 150   
 Pellets, consolidated and 
powder adsorbent considered 





(4A)-water 926 200/45/45/5 0.43 432   
 Zeolite compacted in binder 





water 442 86.3/31.1/31.1/14.8 0.39 -   
- 
Critoph & 






60 200/30/30/5 0.31 2150   
 Plate-type sorption bed heat 
exchanger 
Restuccia et 




water 9600 95/40/35/10 0.6 20   
 Packed bed with finned-tube 
sorption bed 
Restuccia et 




water 9600 80/40/40/10 0.3 20   
 Packed bed with finned-tube 
sorption bed 
Jiangzhou et 




water 9600-10800 200/80/40/7 0.275 24   
 Locomotive applications 
with air-coupled heat 
exchangers 
Restuccia et 






1200 85/40/40/15 0.12 60   
 10 mm zeolite layer bound to 
tubes using bentonite binder 





water 1020 60/30/30/14 0.25 110   
 Finned-tube sorption bed 
heat exchanger 





water 1020 80/30/30/14 0.32 0.3   
 Finned-tube sorption bed 
heat exchanger 







7076 202/45/45/- 0.442 48.75   







Table 2.1 (cont.): Conventional Adsorption Heat Pump Performance 
 
Author Year Type Pair tcyc [s] Tdes/Tads/Tc/Te [°C] COP [-] SCP [kW] Exper. Model Notes 





(RD)-water 2400 -/40/40/9 0.42 81.3   
 Powered by PEM fuel cell 
exhaust burn 








2400 -/40/40/9 0.51 149.8   
 Powered by PEM fuel cell 
exhaust burn 







3200 226/40/40/9 0.52 110.52   
 Powered by PEM fuel cell 
exhaust burn 
Mittelbach et 




water - 75/30/30/18 0.56 -   
 Commercially available 
chiller 
Schicktanz & 




water 720 73/27/27/15.5 0.25 0.49   
 Lumped parameter 
simulation 
Schicktanz & 




water 720 73/27/27/15.5 0.25 0.465   
- 





water 600 90/35/35/10 0.4 550   
 Mobile applications 
 
 
Table 2.2: Vacuum Chamber Adsorption Heat Pump Performance 
Author Year Type Pair tcyc [s] Tdes/Tads/Tc/Te [°C] COP [-] SCP [kW] Exper. Model Notes 





water 1060 85/30/30/14 0.212 53   
 Virtual mass recovery by 
evaporator fluid circulation 





water 2160 85/31/31/15 0.6 104   
 Gravitation heat pipe evaporator 
Di et al. [30] 2007 Two bed 
Silica gel-
water 2400 85/30/30/20 0.43 -   
 Heat-pipe-coupled evaporator 
Di et al. [30] 2007 Two bed 
Silica gel-
water 2400 85/30/30/20 0.4 -   
 Lumped parameter simulation 





water 2200 450/40/40/8 0.152 64   
 Air-coupled cooling 





water 450 85/30/30/20 0.321 71.85   
 Residential applications 
 Methanol heat pipe 





water 420 80/30/30/14 0.45 176   








water  80/-/37/12 0.53 -   
 Mechanized, continuous sorption 
bed 
Wang et al. 2008 Two bed 
Silica gel-
water 2400 74.9/30/30/20 0.438 -   
 Heat-pipe-coupled evaporator 
Table 2.3: Staged Adsorption Heat Pump Performance 
Author Year Type Pair tcyc [s] Tdes/Tads/Tc/Te [°C] COP [-] SCP [kW] Exper. Model Notes 
Saha et al. [3] 1995 Three stage 
Silica 
gel-water 330 50/30/30/12 0.19 -   
 Source temperature as low as 
40°C modeled 
Hamamoto et 




gel-water - 80/30.2/30.2/13.5 0.26 79   
 Lumped parameter simulation 
Hamamoto et 




gel-water - 55/30.2/30.2/13.5 0.27 42   
 Lumped parameter simulation 





gel-water 3400 60/30/30/14 0.47 55   
 Lumped parameter simulation 





gel-water 300 80/20/20/7 0.19 -   
 Lumped parameter simulation 
 
 
Table 2.4: Recuperative Adsorption Heat Pump Performance 
Author Year Type Pair tcyc [s] Tdes/Tads/Tc/Te [°C] COP [-] SCP [kW] Exper. Model Notes 
Douss et 





(NaX)-water 21000 200/60/-/- 0.73    












9840 220/105/30/2 1.06 37   
 Two-bed zeolite-water 
cascaded to single-bed 
activated carbon 
Cacciola 





(NaX)-water 24000 200/60/40/15     















































3550 200/50/50/- 0.5    
 Maximum temperature 
limited to 200°C 
Amar et 




(NaX)-water 600 220/40/40/5 1.07 140   
 Distributed parameter 
sorption bed simulation 
Amar et 







900 220/40/40/5 0.99 145   
 Distributed parameter 







Table 2.4 (cont.): Recuperative Adsorption Heat Pump Performance 
 










330 232/44/44/5 0.42    










330 232/33/33/2.8 1.01    
 Gas-powered heat pump 







240 260/20/40/5 0.77 160   
 Distributed parameter 
sorption bed simulation 
Critoph 







- 250/42/42/0 0.95 404   
 Inert masses used to 











- 150/40/40/5 0.55 190   
 Heat transfer fluid 










- 230/40/40/5 0.68 430   
 Heat transfer fluid 











- 140/40/40/5 0.61 140   









- 220/40/40/5 0.92 200   
 Second Law analysis 
included 







3600 230/40/40/4 0.41 97   
 Finned-tube sorption bed 
heat exchanger 
Chua et 




water 450 85.7/31/31/14.8 0.35 156   
 Lumped parameter 
simulation 





water 660 85/30/30/14 0.38 -   
 Three bed arrangement 








Table 2.4 (cont.): Recuperative Adsorption Heat Pump Performance 
 
Author Year Type Pair tcyc [s] Tdes/Tads/Tc/Te [°C] COP [-] SCP [kW] Exper. Model Notes 
Akahira 





water 1200 70/30/30/14 0.36 -   
 Mass recovery with and 
without heating studied 
Wang et 






water 600 85/29.4/29.4/<12.2 0.43 114.6   
- 
Maggio et 





water 797.23 220/30/40/7 0.635 838.77   
 Distributed parameter 
sorption bed simulation 







water 480 85/29.4/29.4/12.2 0.48    
- 
Núñez et 





water 2484 87.3/30.2/30.2/16.2 0.51 84.3   
 Valve-less chiller 
Oliveira 






ammonia - 115/-/-/-12.3 0.1 -   
 Mass recovery between 
low-pressure stage beds 
and high-pressure stage 
beds 






water 300 80/30/30/7 0.45 -   
 Cascaded hot water and 
coolant 
Wang et 







3600 117.5/32.6/-/-10.31 0.35 493.2   
 Fishing boat engine waste 
heat applications 
Wang & 






water 442 86.3/31/31/14.8 0.36 -   
 Comparison of lumped 








Table 2.4 (cont.): Recuperative Adsorption Heat Pump Performance 
 
Author Year Type Pair tcyc [s] Tdes/Tads/Tc/Te [°C] COP [-] SCP [kW] Exper. Model Notes 
Tamainot-
Telto et 







ammonia 60 90/32/32/<20 0.22 800   




 This section highlights select adsorption working pair studies.  Working pairs 
belong in one of three categories: physical, chemical or composite.  The physical 
adsorbents that are used in adsorption heat pumps rely on van der Waal’s forces to 
contain adsorbate.  Common examples include silica gel, activated carbon and zeolite.  
Chemical adsorbents chemically combine with an adsorbate and are not discussed in 
detail here except in the context of physical-chemical composite adsorbents.  Tather et al. 
[73] state that working pair selection is one of the most important design decisions in 
engineering an adsorption heat pump.  Among the most important requirements to 
consider in working pair selection are [17, 74]:   
1.) Large change in adsorbate content under the design operating conditions 
2.) Adequate refrigerant evaporating temperature (e.g., subzero freezing 
temperatures for ice making) 
3.) High latent heat of vaporization 
4.) Saturation pressures slightly above atmospheric for the design operating 
conditions 
5.) Low specific volume 
6.) Non-toxic, non-corrosive, and non-flammable 
7.) Stable for repeated use 
8.) High thermal conductivity 
9.) Low intra-particle and inter-particle mass transfer resistances 
 
The isosteric heat of adsorption is the sum of the heat of vaporization of the refrigerant 
and some additional terms [3, 75].  Consequently, these values should both be large in a 
strong candidate working pair [76].  Sub-atmospheric refrigerants are burdensome 
because non-condensable air can leak inward, which influences condensation, 
evaporation and adsorption processes. Working pressure above atmospheric is desired so 
that in the event of a small leak, refrigerant will escape from the system without a 
noticeable effect on performance.  On the other hand, extremely high working pressures 




the evaporating pressure should be above one bar while the condensing pressure should 
be between three and four bar.  For more on evaluating working pair types, see Hauer 
[77].  The remainder of this section discusses properties of widely used adsorbents. 
2.3.1 Silica Gel 
 Silica gel works well for low-temperature applications (i.e., desorption 
temperatures between 50 and 90°C with water refrigerant).  The reason silica gel-water 
works for low temperatures is because it has a favorable isotherm and can ads/desorb a 
large amount of water without too great a temperature change.  Water is environmentally 
benign and has a solidification temperature of 0°C, so that frost or ice accumulation on 
the air-side of the evaporator is not a concern.  On the other hand, it cannot be used for 
ice making. 
 Ng et al. [78] measured the adsorbate content and isosteric heat of adsorption for 
silica gels (Type 3A) and (Type RD) with water adsorbate in the linear Henry region.  
These two adsorbents differ in structure; adsorbent surface area, pore size, pore volume, 
pore distribution, porosities, and skeletal density [79].  Ng et al. [78] provided a thorough 
account of their thermogravimetric test methods.  They purged their analyzer using argon 
gas by heating the adsorbent to 413 K for 24 h while evacuating with a vacuum pump.  
Care was taken to avoid condensation in the water dosing tank, which could affect the 
adsorbate pressure/mass calculation.  The transient adsorbate mass history was measured 
for different isotherms between 30 and 65°C.  Chua et al. [79] extended Ng et al.’s work 
by measuring the thermophysical properties of silica gels (Types A and RD) with water 
adsorbate outside the Henry region.  They fit their isothermal thermogravimetric data to 
both the Dubinin-Astakhov and Tóth equations but reported that the Dubinin-Astakhov 




works well for low-temperature applications [80], Szarzynski et al. [37] and Chua et al. 
[22] indicated that silica gel cannot be utilized at driving temperatures above 100°C 
without compromising the integrity of the adsorbent. 
 In a 2006 paper, Aristov et al. [81] measured the diffusivity of water in RD silica 
gel.  They compared two different measurement and analysis techniques: a differential 
step-isothermal method and a non-isothermal step solution.  Three adsorbent particle radii 
were tested; the sorption rate was seen to increase as particle radius decreases.  For high 
adsorption rates in small particles, adsorption heat was rapidly released, which increased 
the particle temperature, lowered the equilibrium uptake and affected the uptake history.  
Aristov et al. inserted pieces of copper into their adsorbent sample to increase the heat 
dissipation rate to the low-temperature sink; however, for small particles that adsorb 
rapidly and have higher heat generation rates, the isothermal step method was shown to 
be in some error.  To account for the thermal effects, a non-isothermal model was used 
(Eq 2.12). 
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   (2.12) 
The pn values are found by the roots of   23 cot 1n n np p p     where α is a measure 
of the heat transfer rate and β is a measure of the heat capacity as defined in Aristov et 
al.’s paper and were obtained using fits to experimental data.  The non-isothermal model 
converges to the isothermal case for α approaching infinity (rapid heat transfer) or β 
approaching zero (infinite heat capacity). 
2.3.2 Activated Carbon 
 Critoph modeled a thermodynamic COP (COPthermo = ΔHads/hfg) versus 




charcoals using methanol adsorbate.  Activated charcoal can be made using local organic 
material as opposed to other adsorbents such as some zeolites, which must be 
synthesized.  Methanol cannot be used in cycles with source temperatures above 110-
150°C  [14, 15, 59, 63, 74], because it is unstable and decomposes into dimethyl-ether, 
methoxi-methyl-methyl-ether and ethanol [50], especially in the presence of aluminum.  
Clausse et al. [63] noted that the maximum allowable temperature in a heat pump 
containing methanol should account for hot spots in the desorber.  Despite its 
incompatibility with high source temperature, methanol has the advantage of having a 
sub-zero freezing point, and the activated carbon-methanol pairs can generally be 
desorbed using low-grade heat.  The sub-zero freezing point is useful for ice making, 
deep freezing, or automotive air conditioning for cars driven in regions with cold winters 
[60]. 
 Hamamoto et al. [47] studied activated carbon fiber (ACF) (FX-400) and (KF-
1000) with methanol and provided an insightful discussion about how the fibers are 
produced.  El-Sharkawy et al. [82] studied the activated carbon fiber-ethanol working 
pair.  It was determined that ACF (A-20) performed substantially better than ACF (A-
15).  The two adsorbents have comparable pore diameters, but (A-20) has higher specific 
surface area (1.9×106 m2/kg compared with 1.4×106 m2/kg) and higher specific pore 
volume (10.28×10-4 m3/kg compared with 7.65×10-4 m3/kg).  El-Sharkawy et al. showed 
that for their 10 mm thin ACF sample compacted to a bulk density of 100 kg/m3, 
temperature gradients were significant.  Five minutes into their adsorption test, the 
difference in surface and internal temperatures was over 20°C for a 25°C heat sink.  Saha 




temperatures between 27 and 60°C using thermogravimetric analysis under isothermal 
conditions.  In a second study, Saha et al. [84] compared the pore diameter, volume and 
surface area of three types of activated carbon fiber (A-10, A-15 and A-20) with three 
types of silica gel (Types RD, A++ and 3A), and ACF (A-20) was determined to have the 
highest pore volume and surface area (10.28×10-4 m3/kg  and 1.9×106 m2/kg, 
respectively).  In this same paper, they quantified contributions to heat transfer from the 
adsorbent sample during a pre-heating/desorption experiment.  Heat transfer was 
assumed to occur by natural convection, radiation or sensible storage.  The convection 
and radiation contributions increased from zero initially to steady-state values of 30 and 
0.10 W, respectively, as the sample was heated to 80°C.  The sensible heat storage rate 
was high during the initial adsorption process (approximately 3750 W) but fell to 
approximately zero after the first few minutes of the experiment. 
2.3.3 Zeolite 
 The zeolite-water working pair is appropriate for higher desorption temperatures, 
generally above 200°C.  A wide variety of natural and synthetic zeolites exist [85], and 
among zeolites for adsorption heat pumps applications with water as refrigerant, Tather et 
al. [73] recommended zeolites 13X and 4A.  Dawoud et al. [86] studied combined heat 
and mass transfer for the zeolite-water pair. 
2.3.4 Development and Testing of Working Pairs 
 Some advanced working pairs have been proposed to address specific concerns.  
In exploring alternative refrigerants for adsorption heat pumps, Siddey et al. [87] 
measured the sorption capacity of R123 in activated carbon.  R123 operates near 
atmospheric pressure, and it has significantly shorter atmospheric lifetime and global 




equilibrium concentration of CO2 for many adsorbents including activated carbons, silica 
gels and zeolites.  Using a thermodynamic analysis, they estimated that a two-bed cycle 
with thermal energy recovery employing silica gel (MD263) at -5°C evaporating and 
200°C desorption temperatures would have a COP of 0.16 and specific cooling capacity 
of 30 kJ/kg.  Despite this low performance, which was attributed to the low latent heat of 
vaporization of CO2, it presents an alternative high-pressure refrigerant when ammonia 
cannot be used because of corrosion or toxicity concerns.  Wang et al. [72] fit adsorption 
capacity data for activated carbon-methanol, activated carbon-ammonia and activated 
carbon/CaCl2 composite-ammonia to the Dubinin-Astakhov model.  They also showed 
that consolidation from 460 to 600 kg/m3 by mixing with a binder and compresing 
improved the nominal adsorbent thermal conductivity from 0.11 W/(m-K) for granulated 
carbon to approximately 0.30 W/(m-K). 
 Some special physical adsorbent working pairs with high sorption capacity have 
been tested.  Saha et al. [89] measured the isotherms for n-butane on pitch-based 
activated carbon.  The pitch-based activated carbon was shown to have higher capacity 
for n-butane than other granular or coconut-shell-based activated carbons.  Additionally, 
it was reported to have a BET surface area of 3250 m2/g, whereas ACF (A-20) had 1900 
m2/g, and a monolayer sorption capacity of 0.8 kg/kg.  El-Sharkawy et al. [90] reported 
the performance of activated carbon (Maxsorb III)-R507a.  R507a, like R123, has low 
ozone depletion and global warming potentials.  This working pair has an adsorbate 
capacity of over 1.1 kg/kg at 30°C adsorbent temperature with approximately 7.8 bar 





2.3.5 Other Novel Adsorbents 
  Gordeeva et al. [76] referencing Kakiuchi et al. [91] stated that Mitsubishi has 
developed a silico-aluminophosphate zeolite (FAM-Z02) for automotive air conditioning 
cycles powered by source temperatures between 80-85°C; FAM-Z02 has about six times 
higher water uptake than silica gel (Type A).  Cui et al. [92] discussed two new 
adsorbents, which they called NA and NB.  They compared NA-water and NB-ethanol 
with other common, environmentally friendly working pairs such as zeolite (13X)-
ethanol, activated carbon-ethanol and zeolite (13X)-water.  When heated to 200°C, NA-
water demonstrated over twice the cooling capacity of zeolite (13X)-water, which is one 
of the best high-temperature working pairs: 883 kJ/kg compared with 385 kJ/kg.  
Similarly, Cui et al. found that NB-ethanol  heated to 120°C has 2.4 times the capacity of 
activated carbon-ethanol.  Although Cui et al. did not discuss the favorability of 
isotherms (changes in uptake with temperature), sorption rate, cooling power or COP, the 
high specific cooling capacity of the NA-water and NB-ethanol working pairs 
demonstrates its potential. 
2.3.6 Composite Adsorbents 
 Chemical adsorbents have high capacities for refrigerants like water, but they 
have problems such as the formation of low-diffusivity crystalline solvate during 
adsorption, salt swelling leading to mechanical destruction and poor reaction rates in 
certain pressure-temperature regions [93].  To circumvent these problems, some 
researchers have proposed composite adsorbents, which combine physical and chemical 
adsorbents to take advantage of the high uptake of chemical working pairs with the 




constituents in different proportions allows the designer to tailor the adsorbent to the 
application. 
 Aristov et al. [94] studied the four selective water sorbents (SWSs) listed in 
Table 2.5. 
 
SWSs are composed of an inorganic salt impregnated into a physical adsorbent matrix.  
Typical host matrices include meso- or microporous silica gel, aluminas, porous carbons, 
or polymers.  Potential salts include CaCl2, LiBr, MgCl2, or LiCl [58].  SWS-1L at 28°C 
and 23.4 mbar yielded 0.75 kg/kg uptake compared with 0.1 kg/kg for pure mesoporous 
silica gel.  SWS-1L also retained the low-temperature capability of pure silica gel, 
coupling a high change in uptake with the high latent heat of water.  Aristov et al. used a 
thermodynamic model with ideal energy recovery to predict the cooling and heating 
COPs of chillers and heat pumps employing the different SWSs.  SWS-1L outperformed 
the silica gel-water working pair for refrigeration at all desorption temperatures studied, 
having a cooling COP of about 0.8 compared with less than 0.55 at 95°C desorption 
temperature.  This is a promising result that needs to be validated using more advanced 
simulations and experiments. 
 Freni et al. [95] studied the effect of changing uptake, temperature and gas 
pressure on the thermal conductivity of SWS-1L and SWS-2L adsorbing water.  They 
found that increases in temperature and gas pressure yielded increased conductivity.  
Table 2.5: Selective water sorbents studied by Aristov et al. [94] 
SWS Composition 
SWS-1L 33.7 wt% calcium chloride (1) in mesoporous silica gel (L) 
SWS-2L 32 wt% LiBr (2) in mesoporous silica gel (L) 
SWS-2L 57 wt% LiBr (2) in mesoporous silica gel (L) 





They explained this result by saying that the gas phase contribution to conductivity 
increases at higher pressure and temperature; however, the gas phase contribution is 
much smaller than the solid phase heat diffusion through the adsorbent, so changes in 
temperature and pressure were found to have only a moderate effect on conductivity.  
Uptake was found to dominate changes in conductivity (Eq 2.13). 
   2 30 1 2 3w F F w F w F w      (2.13) 
For SWS-1L, F0ʹ = 0.1221, F1 = 0.83, F2 = -3.108 and F3 = 4.994 and for SWS-2L, F0 = 
0.13, F1 = 0.0122, F2 = 2.24 and F3 = 0.  These constants indicate that SWS adsorbent-
adsorbate conductivity increases with water uptake.  For an uptake of 0.3 kg/kg, SWS-1L 
and SWS-2L have conductivities of 0.187 and 0.194 W/(m-K), respectively.. 
 In a thorough paper, Aristov et al. [96] measured the apparent diffusivity of water 
in SWS-1L particles using a differential step, isothermal method.  As with the silica gel-
water tests reported that same year, the differential step, isothermal method allowed the 
experimental results to be compared with the common analytical solution for a step 
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The apparent diffusivity (Eq 2.16) was then obtained by substituting a linear isotherm 
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The pore diffusivity, or effective diffusivity Deff, of the particle accounts for molecular, 
Knudsen and surface diffusion mechanisms.  Aristov et al. found it to be (0.24±0.12)×10-
6 m2/s for the SWS-1L–water pairing at temperatures between 33 and 69°C.  Additional 
SWS-1L experiments and discussions about coupled heat and mass transfer issues in 
characterizing diffusivity can be found in Okunev et al. [89]. 
 Aristov et al. [94] also discussed the undesirable behavior of SWSs.  In some 
regions of its isotherm, SWS-1L exhibits monovariant behavior whereby the uptake is 
almost unaffected by increased temperature.  This is disadvantageous in an adsorption 
heat pump, since this implies that heat input does not increase refrigerant throughput.  
Additionally, the microporous silica gel-CaCl2 compound adsorbent exhibits the 
solvolysis phenomenon wherein wetting appears in the SWS at elevated relative humidity 
as CaCl2-water solution forms.  Daou et al. [97] pointed out that the solvolysis 
phenomenon is undesirable because the solution tends to dissolve away the chemical 
constituent and deteriorate the composite adsorbent.  The relative humidity at which 
solvolysis occurs depends on the fraction of impregnated CaCl2.  For 0, 10, 20, 30, 40, 45 
and 50 wt. percent CaCl2 fractions, Daou et al. showed that the uptake just before 
solvolysis onset decreases with increasing CaCl2 fraction.  For a 45 wt percent CaCl2 and 
10 wt percent CaCl2 compound at 40°C, solvolysis occurs at 60 and 90 percent relative 
humidity, respectively.  The uptakes at onset are 0.40 and 0.62 kg/kg, the latter of which 
is significantly higher than untreated silica gel.  For future work, Daou et al. proposed an 
investigation of binders or additives to combat the washout problem so that the silica gel-
CaCl2 compound adsorbent may be used to its full potential approaching 2.0 kg/kg at 




 Other composites besides SWSs have also been studied.  In another 2007 paper, 
Aristov et al. [98] measured the equilibrium uptake and isosteric adsorption heat of 
CaCl2/silica gel-methanol working pair.  Compound adsorbent S6, which was composed 
of 23 wt percent CaCl2 in commercial silica gel (SP18-8749.01), was shown to have a 
methanol adsorption capacity up to 0.7 kg/kg.  Isosteric heats between 35 and 89 kJ/mol, 
depending on the adsorbed phase concentration, were reported.  The methanol adsorbate 
is almost completely desorbed at desorption temperatures between 100 and 120°C.   
Moreover, Aristov et al. estimated that the cooling COP for a device using the proposed 
working pair would be higher than Fuji-Davidson silica gel-water for all desorption 
temperatures between 60 and 120°C.  This makes the S6-methanol working pair an 
excellent substitute for silica gel-water when ice making is required in low-temperature 
lift applications.  Gordeeva et al. [93] investigated many other composite adsorbents in 
the form of salts in mesoporous silica gel for methanol adsorption.  They compared the 
change in uptake for different composites for desorption temperatures between 85 and 
90°C with a 30°C coolant sink at a vapor pressure of 61 mbar.  Under these conditions, 
LiCl/silica gel (b) had the greatest change in adsorbate content: 0.71 kg/kg.  In a second 
2007 publication, Gordeeva et al. [76] indicated that the LiCl/SiO2 composite adsorbent 
also had a low and nearly constant isosteric heat of adsorption equal to (41.7±2.0) kJ/mol 
when adsorbing methanol.  Vasiliev et al. [99] discussed using a CaCl2 /activated carbon 
composite with a sorption capacity for ammonia of more than 0.8 kg/kg.  Such high 
adsorbate capacity shows that composite adsorbent development is a highly promising 




2.3.7 Comparison of Working Pairs 
 There has been some effort to compare working pairs through uptake models.  
Critoph [100] measured the adsorption characteristics of monolithic carbon-ammonia, 
PVDC-ammonia, monolithic carbon-butane, activated carbon (208C)-butane, monolithic 
carbon-R32, and activated carbon (208C)-R32 by thermogravimetric analysis and 
compared them with activated carbon (208C)-ammonia.  Adsorbate content was 
measured for most of the adsorbent samples at temperatures between room temperature 
and approximately 200°C at pressures corresponding to refrigerant saturation 
temperatures of -10, 10, 30 and 50°C.  These test points covered the practical working 
range for many adsorption-refrigeration applications.  Critoph concluded that the 
activated carbon-ammonia pair yielded a higher COP than the alternatives considered.  
Lambert and Jones [101] surveyed a large number of working pairs for an automotive 
adsorption air conditioner.  Adsorption capacities at 1 atm and 25°C were provided for 
six zeolites, activated graphite, activated carbon fiber, silica gel and other adsorbents with 
fifteen refrigerants.  Additionally, they provided the melting points, boiling points, 
vaporization heats, densities, specific heats and other properties for many of the 
refrigerants at 300 K and 1 atm and concluded that the activated carbon-ammonia pair 
possessed the best combination of adsorption capacity, latent heat and operating pressure.  
While ammonia does raise toxicity concerns, it has good thermodynamic performance 
and low flammability. 
 Teng et al. [102] analyzed the effect of working pair type on the performance of a 
single-bed chiller in overview fashion by parameterizing the constants of the Dubinin-
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The amount of desorbed refrigerant is directly proportional to w0.  They used three 
dimensional plots of COP and Qe versus n and k to show the interdependence of these 
variables.  An increase in k yielded a monotonic increase in COP and Qe while there was 
a finite value of n that optimized these metrics.  The optimal values of k and n were 
shown to be different for COP optimization and Qe optimization.  In many waste heat 
applications, Qe should be maximized, while in gas-fired applications, COP should be 
maximized.  Thus, a working pair should be selected to satisfy either cooling production 
or efficiency requirements. 
 The product of the latent heat of vaporization at 5ºC and the difference between 
the maximum uptake for 35ºC coolant and source temperatures between 60 and 210ºC, 
Φ = hfg·(w∞,max-w∞,min), is plotted in Fig (2.18a).  Under these conditions, only 
Zeolite 4A-water has positive refrigerant throughput at 60ºC source temperature.  At 
90ºC, the Φ value for ACF-ethanol is 246 kJ/kg followed by silica gel-water at 168kJ/kg.  
As the source temperature increases, the minimum uptake decreases, resulting in greater 
refrigerant throughput and higher Φ.  At 210 ºC, ACF-ethanol and activated carbon-
ammonia have nearly identical Φ values of 440 and 439 kJ/kg, respectively.  For source 
temperature below 100°C, the Φ values for the best low-temperature working pairs, ACF-









Fig 2.18: Φ values for a) various physical adsorbent working pairs at discrete 






 Fig 2.18 indicates that ACF-ethanol is the best of the five plotted working pairs 
for the temperatures shown; however, the Φ value is obtained using equilibrium uptakes 
set by operating temperatures and pressures; it does not account for differences in heat 
and mass transfer resistances or differences in thermophysical properties.  Although the 
Φ value is a useful means of comparing working pairs initially for planned operating 
conditions, Critoph [100] suggested that a working pair cannot be selected based on 
adsorption or thermophysical properties alone; they should be evaluated in experiments, 
thermodynamic models or simulations.  To this end, Critoph used his experimental 
uptake results to estimate COP for various working pairs.  Even though the change in 
maximum adsorbate content was almost twice as high for activated carbon (208C)-R32 as 
for (208C)-ammonia, the heat of vaporization of ammonia was about two and half times 
that of R32 per unit volume, which resulted in an approximately three-times higher COP 
for source temperatures between 90-250°C.  Cacciola and Restuccia [20] compared 
zeolite (4A)-water, zeolite (13X)-water and activated carbon-methanol in thermodynamic 
heat pump models.  Their results indicated that the zeolite-water pairs yielded the highest 
COP, but there was little difference between the (4A) and (13X) performances at source 
temperatures above about 150°C.  San and Lin [103] compared activated carbon-
methanol, silica gel-water and zeolite 13X-water in a four-bed adsorption heat pump.  
They used a solid diffusion model for mass transfer resistance and found that for 
desorption temperatures from 80-120°C, the activated carbon-methanol pair led to 
highest SCP and COP.  The difficulty with this type of analysis is that working pairs 




high temperatures (~200-300°C) whereas silica gels must be used below 100°C.  Note 
that San and Lin evaluated silica gel-water performance at temperatures above the 
adsorbent’s maximum temperature limit. 
 
2.4 Sorption Bed Heat and Mass Exchanger Design 
 As shown in the previous sections, adsorption heat pump performance depends on 
a number of factors: source temperature, heat transfer fluid flow rate, cycle time, and 
sorption bed design [2].  The present section focuses on the last of these.  In a sorption 
bed heat exchanger, a high heat transfer rate is desired to rapidly change the adsorbent 
temperature and equilibrium concentration.  Rapid changes in concentration yield high 
sorption rates and high performance.  The objective of sorption bed design is to achieve a 
large number of transfer units while minimizing the adsorbent-to-metal ratio [104].  
Large heat exchange surfaces (fins, tubes, etc.) increase the heat exchange performance 
and, potentially, cooling duty.  For example, Kubota et al. [61] compared the 
performance predicted for an optimized and un-optimized, tube-fin sorption bed heat 
exchanger with silica gel adsorbent packed between the fins.  For a 600 s cycle time and 
Tdes/Tc,in/Te,in=74.9/29.9/13.9°C, the optimized bed produced 2.1 times as much cooling 
duty as the baseline case.  On the other hand, the additional inert heat exchange mass 
used to increase heat transfer rate must be successively heated and cooled, which reduces 
efficiency.  Cacciola et al. [105] used a transient model to quantify the relationship 
between sorption bed UA, adsorbent-metal heat capacity ratio,    hx adsmc mc , and 
performance in a two-bed, zeolite-water heat pump.  They showed that at a UA/mads of 50 
W/(kg-K), SCP decreases from approximately 190 W/kg to 30 W/kg as the heat capacity 




mass ratio on COP.  They compared ratios of 0, 5, 10 and 20, and showed that increasing 
metal mass decreased performance.  For source, coolant and evaporator temperatures of 
90, 30 and 20ºC, respectively, the COP decreased from approximately 0.79 to 0.42 as the 
metal/adsorbent mass ratio increased from zero to 20 for an activated carbon-methanol 
heat pump.  Therefore, auxiliary heat exchange surfaces should be used judiciously. 
2.4.1 Adsorbent Configuration (Packed, Consolidated, or Grown) 
 Many investigators have used packed sorption beds [3] in which loose adsorbent 
particles fill the space between heat exchanger tubes and fins.  The packing can be held in 
place by a permeable wire mesh surrounding the fins [61, 72] in order to leave space 
between the tubes and shell and minimize pressure losses.  Chua et al. [4] noted that the 
experimental chiller they studied left the space between 40 mm-diameter heat exchanger 
fins for this purpose.  Oliveira et al. [50] packed activated carbon in the tubes of a shell 
and tube heat exchanger (Fig 2.19).  There were fifty-five, 500 mm-long, 31.8 mm-
diameter tubes per bed.  Refrigerant permeability was enhanced using mesh to create an 8 
mm diameter pathway in the center of each tube for refrigerant flow.  This design appears 
to have utilized a large amount of metal shell mass, in part, probably, to withstand the 
high ammonia pressure.  Oliveira et al. estimated that 49-58 percent of the input heat 





 Anyanwu and Ogueke [106] used a similar inner refrigerant pathway in their solar 
adsorption refrigerator.  Activated carbon was packed between two concentric tubes.  
Solar radiation heated the outer tube, which induced desorption whereupon refrigerant 
permeated inward through perforations in the inner tube.  This arrangement presumably 
had less hydrodynamic resistance than it would have if the refrigerant had to permeate 
through the length of the carbon layer. 
 The primary problem with the packed bed is that it leads to poor thermal 
conductivity and high contact resistance between adsorbent and heat exchanger [73].  
Most adsorbents have low intrinsic conductivity.  For instance, Guilleminot et al. [107] 
reported conductivities of 0.18 and 0.54 W/(m-K) for zeolite (NaX) and activated carbon 
(C35), respectively, and Freni et al. [95] indicated that the pelletized bed wall heat 
transfer coefficients (i.e. hw, where  w w w hx adsw wQ h A T T  ) can be on the order of 10 
W/m2-K.  If the adsorbent is in powdered form, the wall heat transfer coefficient may be 
higher, on the order of 45 W/m2-K [56].  Pons et al. [108] provided experimental 
techniques for measuring effective conductivity in adsorbent/adsorbate mixtures and wall 
 
Fig 2.19: Shell and tube heat exchanger packed with activated carbon (reprinted 




heat transfer coefficients in packed beds.  Using a lumped parameter simulation, Freni et 
al. [95] parameterized the effect of adsorbent conductivity on sorption chiller 
performance for three distinct wall heat transfer coefficients (10, 100 and 1000 W/(m2-
K)).  Their chiller employed a 1 mm layer of selective water sorbent.  They found that for 
the lowest wall heat transfer coefficient, changes in thermal conductivity did not 
noticeably affect performance; SCP for the specified operating conditions (Tdes=110°C, 
Tads=30°C, Tc=40°C, Te=5°C) for thermal conductivities between 0.1 and 0.4 W/(m-K) 
remained almost unchanged at between 23 and 25 W/kg.  For the 1000 W/(m2-K) wall 
coefficient, the SCP increased from nearly 150 W/kg for 0.1 W/(m-K) to almost 400 
W/kg at 0.4 W/(m-K).  Because a 10-fold increase in wall heat transfer coefficient 
yielded between a 6- and 16-fold improvement in SCP, improving the wall coefficient is 
a primary research objective followed closely by increasing thermal conductivity.  The 
wall coefficient can be manipulated using relatively simple techniques while adsorbent 
conductivity is somewhat difficult to improve without affecting other aspects of the 
system. 
 Consolidating the adsorbent is one way to increase its conductivity.  Tamainot-
Telto and Critoph [109] measured intrinsic thermal conductivity and wall heat transfer 
coefficient for two types of activated carbon between -20 and 100°C: LM 127 coarse 
powder and LM 128 fine powder.  Both carbon sample types were consolidated into 
monolithic disks.  The wall heat transfer coefficients were 350 and 800 W/m2-K for 
LM127 and LM128, respectively.  The intrinsic conductivities were (0.6194-0.0008×T) 
and (0.3885-0.0003×T) W/(m-K) (with T in °C) for LM127 and LM128, respectively. 




be achieved by suspending zeolite in silico-aluminate gel, filling a metallic foam with the 
suspension, and consolidating the conglomerate at high pressure and temperature.  
Unfortunately, the resulting consolidated zeolite had very low permeability, which 
introduces a strong mass transfer resistance.  Low permeability particularly affects 
performance of low-density refrigerants (e.g., water, methanol  and ethanol) [110].  The 
problem of low permeability in consolidated adsorbent is exacerbated by the improved 
heat transfer: high heat transfer rate yields greater refrigerant flow rates, which when 
combined with decreased porosity, can significantly restrict mass transfer. 
 As an alternative, Guilleminot et al. used metallic foam to improve thermal 
conductivity without consolidating the adsorbent.  The intrinsic conductivity of the 
zeolite (NaX) without the copper foam was reported as 0.09 W/(m-K).  By consolidating 
with tens of megapascals of pressure, the conductivity increased to 0.36 W/m-K, but at 
the expense of permeability.  The consolidation reduced the zeolite permeability from 
1.4×10-9 to 6.9×10-11 m2.  Without consolidation, adding the copper foam increased 
thermal conductivity to 0.17 W/(m-K), which is a reasonably good improvement; 
however, by both consolidating and adding foam, Guilleminot et al. reported a 
conductivity of 8.3 W/(m-K).  Poyelle et al. [12] modeled a two-bed chiller employing a 
patented high-conductivity composite adsorbent (conductivity of 25 W/(m-K)).  
Compared with consolidated adsorbent, they indicated that their composite had a 
relatively high permeability of 10-9 m2. 
 Critoph and Turner [111] experimentally investigated the thermal conductivity of 
activated carbon (208C) with adsorbed ammonia.  It was determined that effective 




conductivity varied between 0.85 and 1.25 W/(m-K) depending on adsorbate content.  
Critoph and Turner indicated that there are six possible heat transfer mechanisms in an 
adsorbent particle: 
 Conduction through the particle 
 Inter-particle conduction by contact 
 Conduction through gas phase 
 Conduction between gas phase and points of contact with the adsorbent 
 Inter-particle radiation 
 Inter-void radiation 
 
As the adsorption process proceeds, the adsorbent pores fill.  Heat transfer occurs 
primarily through the solid pathways until the pores fill with enough adsorbate that an 
adsorbate film forms a conductive bridge. 
 Lately, there has been a trend toward synthesizing adsorbent on heat exchanger 
tubes.  The purpose of doing this is to simultaneously achieve high heat transfer rates and 
low mass transfer resistance.  Tather et al. [73] modeled the performance of a zeolite 
chiller employing synthesized 5 µm-thick zeolite (4A) crystal layers on heat exchange 
tubes.  Their model predicted radially-uniform temperature and uptake profiles in the 
zeolite layers, which indicates rapid heat and mass transfer.  Bonaccorsi et al. [112] took 
this approach one step further by synthesizing zeolite (4A) on copper foam, and later 
[113] extended their technique to synthesis of zeolite (Y) on aluminum foam with 15-17 
wt percent zeolite-metal mass ratio.  The advantage of synthesis on metallic foam is that 
the specific surface area is high: copper and aluminum foams have porosities of 75-80 
percent and 93 percent, respectively [113].   Zeolite (Y) has regeneration temperatures of 
180-200°C compared with 200-220°C for zeolite (4A), which indicates that the 




 The drawback to the synthesized adsorbent method is that the metal-to-adsorbent 
ratio is high.  A balance of zeolite layer thickness is therefore needed; this balance should 
yield high heat/mass transfer without unacceptable sacrifices in efficiency.  Tather and 
Erdem-Şenatalar [114] showed another problem with thin adsorbent layers; the amount of 
void space in the adsorber is high.  In order to fill this void space and pressurize the 
sorption bed during isosteric heating, a great deal of vapor must be desorbed.  Tather and 
Erdem-Şenatalar showed that a 5 µm-thick zeolite layer with 90 percent void volume 
(percentage of total sorption bed volume) required the sorption bed to be heated 11°C 
higher than for a 23 percent void volume.  This increase in temperature corresponded to 
wasted thermal energy and longer isosteric time. 
 As a compromise, some investigators have used intermediately thick adsorbent 
layers to improve heat and mass transfer while retaining desirable metal-to-adsorbent 
mass ratio and void space:  14 mm for Marletta and Maggio  [56], 3 mm for Restuccia et 
al. [55], 10 mm for Restuccia et al. [60].  These layers were not synthesized but applied 
using an inorganic alumina gel binder or 20 wt. percent bentonite [60].  For their 10 mm-
thick adsorbent layer on finned tubes, Restuccia et al. reported an experimental overall 
adsorber heat transfer coefficient of about 50 W/(m2-K) compared with about 8 W/m2-K 
for a pelletized bed.  The overall heat transfer coefficient used by Restuccia et al. was 
defined by Pino et al. [115] and included contributions from the heat transfer fluid film 
coefficient, heat exchanger tube, tube-wall contact heat transfer coefficient and adsorbent 
conduction.  The German company SorTech has used an epoxy to apply a thin silica gel 
coating to heat transfer tubes in their commercial adsorption chiller (Mittelbach et al. 




achieve approximately 6.5 kW cooling output with a COP of 0.56 
(Thot/Tcool/Te=75/30/18°C). 
 In a 2007 study, Freni et al. [6] indicated that a round tube, annular fin 
configuration coated with SWS-1L adsorbent had an overall heat transfer coefficient of 
approximately 80 W/(m2-K) compared with 4-8 W/(m2-K) for the SWS-1L pelletized 
bed.  The coated bed was attached to the tubes/fins using bentonite clay binder.  Based on 
their experiments, the chiller with the coated sorption bed had an SCP of 150-200 W/kg 
compared with 20-40 W/kg for the pelletized bed employing the same adsorbent. 
 Restuccia et al. [55] also sought to improve heat transfer by applying a 3 mm 
layer of zeolite in inorganic binder to the outer surface of 14.8 mm tubes.  Their 
simulation showed that such an arrangement yielded a specific cooling power on the 
order of 600 W/kg, which they indicated was over twenty times higher than the pelletized 
bed SCP.  Restuccia et al. also compared predicted SCPs for zeolite powder and 
consolidated zeolite.  They found that the zeolite powder yielded a noticeably higher SCP 
than the consolidated zeolite despite the higher wall heat transfer coefficient and 
conductivity of the consolidated zeolite [120 W/(m2-K) and 0.42 W/(m-K) compared 
with 45 W/(m2-K) and 0.2 W/(m-K).]  This result was a function of the lower 
permeability of the consolidated zeolite (10-12 m2 compared with 10-11 m2) and is a clear 
example of the tradeoff between heat and mass transfer resistances.  In this same paper, 
Restuccia et al. used a factorial design method to determine which heat/mass transfer 
parameter affected SCP most: wall coefficient, permeability, adsorbent thickness, or 
adsorbent conductivity.  Under the conditions considered, the variables in decreasing 




All of these parameters showed considerable influence on SCP, but even with a 
conductivity of 0.2 W/(m-K), and wall coefficient of just 100 W/(m2-K), the 5×10-12 m2 
permeability and 2 mm-thick adsorbent yielded an SCP of nearly 800 W/kg. 
 Vasta et al. [52] coated flat tube-finned heat exchangers with the FAM-Z02 
adsorbent developed by Mitsubishi Chemical.  In this arrangement, modules of six heat 
exchangers provided 5 kW of nominal cooling.  Vasta et al.’s design maintained a low 
metal-to-adsorbent mass ratio of 1.3, which resulted in high efficiency. 
2.4.2 Extended Surfaces 
 Various extended surfaces have been proposed.  Lambert and Jones [116] and 
Lambert [117] used annular fins interspersed with metal wool to improve sorption bed 
heat transfer.  In copper or steel heat exchangers, the wool could be bonded to the tubes 
by nickel plating.  Aluminum heat exchangers required that the wool be diffusion bonded 
to the fins.  Details about the geometry modeled can be found in the second part of 
Lambert and Jones’ two-part paper [101].  They calculated that 2.18 kg of activated 
carbon could be packed in a 6.936 kg sorption bed heat exchanger with 5.235 m2 heat 
exchanger area. 
 In a detailed experimental and computational problem formulation, Zhang [110] 
used axial metal fins to improve heat transfer in the sorption bed.  He also left sufficient 
space between the packed adsorbent bed and the shell wall to reduce the permeation 
length and minimize pressure drop as refrigerant flowed to/from the 
condenser/evaporator, respectively. 
 Wang et al. [66] used a unique fin structure (Fig 2.20) in their exhaust-gas-
coupled sorption bed heat exchanger.  Heat transfer was enhanced by the metal fins that 




Even with the extensive number of extended surfaces in this design, Wang et al. were 
able to restrict the metal-to-adsorbent heat capacity ratio to 1.56, which is lower than that 
reported in previous studies [102]. 
 
 Critoph and Metcalf [57] modeled a plate-type sorption bed employing monolithic 
carbon-ammonia capable of very high specific cooling power.  The advantage of this 
geometry was its high heat transfer rate, which was enhanced by high adsorbent contact 
pressure and short adsorbent conduction lengths.  In their design, stainless steel plates 
containing heat transfer fluid channels were stacked in series.  Monolithic carbon 
adsorbent was placed between alternate plates (Fig 2.21).  The channel width was set at 
0.5 mm, which limited pumping power to less than 1 percent of the cooling power.  They 
pointed out that thin adsorbent layers yielded high SCP, but manufacturing limitations set 
a practical bound of 2 mm thickness.  The plate thickness was set to 10 percent of the 
adsorbent thickness; strength requirements were minimized by specifying that the heat 
 
Fig 2.20: Exhaust gas-coupled sorption bed internals (reprinted with permission, 




transfer fluid pressure be kept near the refrigerant operating pressures between about 4 
and 22 bar, which may be a difficult solution to implement.  Critoph and Metcalf showed 
that an SCP of 3120 W/kg and COP of 0.315 might reasonably be obtained using a 
250°C source temperature.  For lower source temperature of 120°C, an SCP of perhaps 
1000 W/kg and COP of 0.28 would be obtainable. 
 
 In an experimental study related to Critoph and Metcalf’s work [57], Tamainot-
Telto et al. [53] used the flat-plate geometry.  Twenty-nine, 4 mm activated carbon layers 
were separated by plates with 0.5 mm x 0.5 mm heat transfer fluid channels spaced 1 mm 
apart.  In this design, ammonia emanating from each carbon layer was directed to a 
header to reduce the permeation lengths and refrigerant-side pressure drops.  With 
approximately 1 kg adsorbent and ammonia refrigerant, their heat and mass recovering 
chiller produced 1.6 kW of cooling (2 kW peak) at a COP of 0.22 with a heat source 
temperature of 90°C.  The low COP may be attributed to the low adsorbent-to-metal 
mass ratio; the adsorbent mass constituted just 1 kg of the 9 kg sorption bed. 
 
Fig 2.21: Plate-type sorption bed heat exchanger (reprinted with permission, 




 Wang and Zhu [118] addressed the issue raised by Critoph and Metcalf  [57] 
regarding the pressure difference between the refrigerant and liquid sides of the sorption 
bed.  Water refrigerant has very low working pressures, on the order of 0.59 to 4.1 
percent of ambient pressure.  At the other extreme, ammonia has high working pressures, 
four to eleven times ambient pressure.  These extremes require specially designed heat 
exchangers to either maintain vacuum or withstand mechanical stress, which are more 
expensive, more massive and possibly perform inefficiently as a result of increased heat 
capacity.  To address this problem, Wang and Zhu proposed a binary adsorption system 
using an ammonia-water mixture as refrigerant and zeolite (13X) as adsorbent.  This 
combination operated at pressures closer to ambient: 13.3-26.6 kPa for evaporation and 
50-90 kPa for condensation.  The disadvantage of the binary refrigerant, of course, is the 
consequent temperature glide in the condenser and evaporator. 
2.4.3 Other Heat Exchanger Designs 
 In conventional sorption bed heat exchangers, the inert mass can significantly 
deteriorate performance.  Because the thermal wave adsorption device is passively 
recuperative, it is generally insensitive to adsorbent-metal mass ratio.  Shelton et al. [8]  
varied the metal-to-adsorbent capacitance ratio from 1.0 to 3.0 for their thermal wave 
heat pump.  Over this range, the heating COP decrease was almost negligible. 
 The thermal wave sorption bed has been designed in different ways.  Fuller et al. 
[36] used a spiral fluid tube surrounded by adsorbent.  Amar et al. [38] tried to produce a 
thermal wave-type temperature gradient using a simpler heat exchanger design: a shell 
and tube configuration with a 3 mm tube outer radius, 7 mm adsorbent radius and 1 m 
length.  Fluid moved through the tube slowly (0.01 m/s), so that the fluid imparted its 




Amar et al. demonstrated how different heat transfer resistances can impact performance.  
With a 1000 W/(m2-K) heat transfer fluid heat transfer coefficient, they showed that 
adsorbent conduction resistance dominated.  The predicted COPs for their zeolite NaX-
water thermal wave device were 0.57 and 1.07 when the effective radial thermal 
conductivity was 0.2 W/(m-K) and 3.8 W/(m-K), respectively.  With the heat transfer 
coefficient for a smooth tube, 93 W/(m2-K), and the idealized 3.8 W/(m-K) conductivity, 
the COP was 0.41.  Amar et al. concluded that the target adsorbent conductivity and heat 
transfer fluid-side heat transfer coefficient should be on the order of 5 W/(m-K) and 500 
W/(m2-K) for the working pair and geometry they studied; however, it should be noted 
that these results have not been non-dimensionalized and are therefore not universally 
applicable. 
 Sun et al. [2] also designed a thermal wave heat pump that used high length-to-
diameter ratio tubes to produce a sorption bed temperature gradient.  Two adsorbent 
conductivities were modeled: 0.5 and 5 W/(m-K), which was the recommendation made 
by Amar et al.  Sun et al. showed that the high-conductivity case produced a steeper 
uptake gradient, which resulted in a longer allowable cycle time before breakthrough 
(i.e., before the wave breeched the end of the bed).  The longer cycle time means less 
switching and less cycling of non-productive mass.  Also, at all times, the high-
conductivity uptake front lies ahead of the low conductivity one, indicating that more 
desorption has occurred. 
 Voyiatzis et al. [69] described a continuous adsorption chiller that was 
fundamentally different from batch-wise designs.  They employed two rotating cylinders 




continuous refrigerant stream to/or from the condenser/evaporator.  The position of the 
holes in the inner cylinder determined which adsorbent tubes were adsorbing and the 
position of the outer cylinder determined which tubes were desorbing.  Although this 
mechanized heat exchanger addresses the problem of batch-wise operation, its 
complexity defeats one of the adsorption chiller’s primary advantages over other 
inherently continuous heat actuated chillers like absorption chillers.  A three-bed 
adsorption heat pump might equalize refrigerant flow rates equally well but with simpler 
components. 
 Two-phase heat exchanger design is also important in adsorption heat pumps.  
Pressure drops should be mitigated so that desorber pressure is minimized to promote 
desorption and adsorber pressure is maximized to promote adsorption.  Although no 
studies investigating the effect of two-phase pressure drop on sorption bed performance 
seem to have been published, the pressure drop mitigation problem has provided part of 
the impetus for using integrated vacuum chamber-style chillers with the bed, condenser 
and evaporator housed in a single shell.  One issue with the vacuum chamber 
configuration is the need to couple two evaporators to a single chilled fluid stream.  
Several investigators have addressed this using heat pipes [34, 67, 119].  Vasiliev et al. 
[99], for instance, coupled a loop heat pipe to their evaporator and were able to obtain 
evaporator temperatures as low as -30°C. 
2.4.4 Materials 
 Some of the common refrigerants used in adsorption heat pumps, such as 
ammonia, are corrosive, which makes material selection an important part of the heat 
exchanger design process.  Critoph and Turner [111] used 316L stainless steel for the 




et al. [59] suggested using stainless steel in high-temperature applications even if the 
refrigerant is benign.  They stated that carbon steel can produce non-condensable gas 
when heated to exhaust gas temperatures of 500-600°C.  Non-condensables contaminate 
the refrigerant and degrade system performance.  The disadvantage of using stainless 
steel is that its thermal conductivity is lower than that of other metals.  Alghoul et al. [74] 
suggested using stainless steel for other reasons.  Copper, they pointed out, is too soft and 
must be relatively thick in high pressure or vacuum systems for mechanical strength.  
Also, copper as well as aluminum are catalysts for methanol decomposition, which 
prohibits their use with that refrigerant [15].  Aluminum can corrode if contacted with 
metallic salt impurities in activated carbon.  To utilize high-conductivity heat exchanger 
material like copper, the tube geometry must be structurally robust, source temperatures 
must be low and benign refrigerants must be used [100].  Wang et al. [34], for instance, 
were able to use high-conductivity copper tubing in their silica gel-water chiller. 
2.5 Applications 
 Adsorption heat pumps can be driven by source temperatures between 40 and 
500°C [3, 85] and can provide evaporator temperatures from -30 to 150°C [99, 120] for a 
variety of applications.  They can be designed for simplicity [121], efficiency [122] or 
low temperature lift [46].  Because of their flexibility, investigators have proposed using 
adsorption heat pumps for a wide variety of applications in the areas of air conditioning 
[67, 71, 123], solar refrigeration [17, 30, 106, 121, 124], food storage [72, 125], 
electronics cooling [126] and other applications [127, 128].  The best of these 
applications take advantage of either the simplicity of or low source temperature 
requirement.  This section outlines efforts to devise mobile adsorption heat pumps driven 




that it 1) have a high enough COP that it achieves the desired cooling duty even at engine 
idle, 2) have high enough SCP that it meets the size constraints of a vehicle. 
2.5.1 Automobiles 
 Adsorption heat pump design for automobiles is rather difficult because of the 
weight and volume restrictions and the source heat variability between idle and highway 
driving conditions.  Zhang and Wang [54] modeled a two-bed, exhaust-heat-powered 
adsorption chiller for bus cabin cooling.  The engine exhaust gas temperature was 450°C.  
The advantage of such high temperature heat is that it increases the heat transfer and 
desorption rates, which increase refrigerant circulation rate, and cooling duty; however, 
such high temperatures are not needed to completely desorb the refrigerant, as van 
Benthem et al. pointed out [21].  Thermal energy added to the sorption bed to increase its 
temperature above the effective desiccated temperature is wasted input since it does not 
contribute to refrigerant circulation, and the high temperature sorption bed requires more 
time to cool before beginning the adsorption mode, which increases cycle time and 
decreases cooling power.  Moreover, such high source temperature may damage the 
adsorbent material.  To avoid non-productive sensible heating of the desorber, Zhang and 
Wang switched between desorption and adsorption modes once the desorbing bed 
reached a threshold value of about 270°C.  In a later experimental study, Zhang [5] used 
exhaust heat from a diesel engine to drive a single-bed, zeolite (13X)-water adsorption 
chiller.  He reported that a bus with a 207 kW diesel engine might require a cabin cooling 
duty of 17.6 kW.  A COP of 0.25 would be required to meet this cooling demand, and 
was attained by his experimental chiller; however, in order to compete with vapor 
compression systems, a target SCP of about 200 W/kg was set.  The experimentally 




concluded that a higher sorption bed UA would be needed for their two-bed chiller to 
achieve the 200 W/kg SCP target.  Zhang and Wang [54] also noted that the exhaust heat 
recuperator should be designed in a way that does not affect the performance of the 
engine (e.g. by affecting backpressure).  Even though belt-powered vapor compression 
cycles affect engine performance, it is important that waste heat powered adsorption 
chillers not require additional research and development in the engine-recuperator 
coupling to facilitate widespread use.  Zhang and Wang also pointed out that the exhaust 
heat recuperator should not cool the exhaust gas below its dew point, which they cited as 
180°C for diesel engines [54], as condensate in the exhaust can lead to corrosion. 
 Boatto et al. [129, 130] discussed the requirements of an automotive waste-heat 
actuated chiller.  For a passenger vehicle, they indicated that a 2 kW cooling duty is 
needed continuously, while a 6 kW duty is needed at startup.  They tested a four-cylinder 
engine to determine its waste-heat duty and exhaust stream temperature characteristics 
[129] and showed that at low engine speed and power, exhaust power may be insufficient 
for achieving 2 kW of cooling with an efficiency typical of a heat-actuated chiller.  
Boatto et al. suggested using a condenser-side reservoir to store refrigerant and expand it 
on demand to accommodate startup loads.  They also indicated that an auxiliary burner 
could be used to heat the desorber when there is not enough exhaust heat.  Jiangzhou et 
al. [59] also discussed the need for on-demand cooling during startup.  For their single-
bed device, they suggested starting with an adsorption stage, assuming the adsorbent has 
residual adsorption capacity, in order to begin evaporative cooling immediately. 
 Lambert and Jones [101, 116] conducted a detailed design of an adsorption air 




calculated the cooling duties and available waste heat for subcompact, compact and mid-
sized cars under highway, city and idling driving conditions.  By replacing the 
mechanical compressor with a waste-heat powered air conditioner, they predicted fuel 
savings during mixed highway cruising, city driving and idle of 18, 17 and 14 percent for 
the subcompact, compact and mid-sized cars, respectively, during the times of year when 
the air conditioner is needed.  Averaged over one year, they predicted about 5 percent 
better fuel economy for the mid-sized car.  Like Boatto et al. [129, 130], Lambert and 
Jones concluded that waste heat power is insufficient for an adsorption chiller during 
startup; the midsized car produced 7.4 kW of exhaust heat but required 7.0 kW of cooling 
during the initial 10 minute pull down, which would necessitate a COP higher than is 
typical for most adsorption units.  Lambert and Jones suggested using a reservoir, like 
Boatto et al., to store refrigerant for initial surge cooling.  They determined that their 
ammonia reservoir would need to contain 2.09 kg of refrigerant, or 3.83 L at 60°C, in 
order to supply 10 minutes of surge cooling for a subcompact car.  For ammonia and 
other toxic refrigerants, Lambert and Jones [101, 116] and Tamainot-Telto et al. [53] all 
suggested using an evaporator coupling loop to isolate the cabin from leaks.  For exhaust 
gas heat recovery, the authors noted that the desorbers must accommodate thermal 
expansion and also noted that in mobile applications, vibrations can shift the adsorbent.  
The sorption bed should be designed in such a way that this shift does not significantly 
affect either heat or mass transfer performance. 
 Tamainot-Telto et al. [53] and Vasta et al. [52] both conducted experiments on 
automotive adsorption air conditioners driven by engine coolant.  The desorption 




Despite having a lower temperature than exhaust gas, engine coolant liquid has a high 
film coefficient, so the heat transfer rates and requisite recuperative heat exchanger sizes 
would likely be comparable for both heat streams.  Tamainot-Telto et al.’s air conditioner 
used the activated carbon-ammonia working pair.  Their device incorporated both heat 
and mass recovery and yielded a specific cooling power on the order of 800 W/kg.  Heat 
was recovered using a closed fluid loop.  Their experimentally determined COP of 0.22 
was just short of the lower limit of their 0.24-0.52 target.  Vasta et al.’s design used 
FAM-Z02-water coated on common flat-tube, finned heat exchangers.  The mass of the 
heat exchangers and adsorbent without the shell, brackets, pumps, valves, or other 
supporting components was 14 kg.  Specific cooling power and COP values of 550 W/kg 
and 0.4 - 0.6 were reported. 
 Clausse et al. [63] presented an analysis of a chiller driven by waste heat from 
fuel cell exhaust.  Although PEM fuel cell operating and coolant temperatures are quite 
low, the exhaust stream sometimes undergoes a post-combustion process to oxidize 
excess hydrogen.  This combustion produces high-temperature waste heat that can be 
used to drive an adsorption heat pump. 
2.5.2  Locomotives 
 Some authors have investigated the use of adsorption heat pumps to condition the 
engineer’s cabin aboard locomotives.  This is, perhaps, a less demanding application of 
adsorption technology than onboard an automobile since size and weight constraints are 
not as stringent.  Jiangzhou et al. [59] tested a prototype, single-bed, zeolite-water chiller 
that utilized locomotive exhaust heat at 500-600°C.  The chiller was designed to provide 
5 kW of cabin cooling and used an air-coupled adsorber and condenser.  Wang et al. [66] 




locomotive waste heat applications.  Like Jiangzhou et al.’s chiller, Wang et al.’s sorption 
bed was directly coupled to the exhaust and cooling air streams instead of a coupling 
liquid loop.  Stream switching was facilitated by a mechanized flapper valve (see 
Figure 2 in their publication [66]).  This was done in order to minimize the number of 
components. 
2.5.3 Boats 
 Wang et al. [72] tested a prototype adsorption ice maker to be driven by exhaust 
heat from a diesel engine aboard a fishing boat.  The ice was to be used to preserve fish.  
Nautical applications are ideal for heat-actuated chillers because ocean water provides a 
good heat sink for cooling the adsorber as long as the heat exchanger is compatible with 
both seawater and refrigerant.  In Wang et al.’s study, a heat pipe was used to couple the 
sorption bed to the ocean.  Because they used ammonia refrigerant, Wang et al. also 
suggested coupling the ammonia evaporator to a benign refrigerant loop to prevent 
contamination by leaks. 
 Wang et al. [131] proposed a refined design for an exhaust-powered adsorption 
chiller for fishing boats.  A CaCl2/expanded graphite compound was used as the 
adsorbent with ammonia refrigerant.  Two heat pipes were used to control adsorber 
temperature (see Figure 1 of their publication [131]).  The cooling heat pipe allowed the 
steel sorption bed to be coupled to seawater without raising corrosion concerns.  The 
heating heat pipe coupled the desorber to the supply heat without needing circulation 
pumps for the heat transfer fluid stream.  This system helps control the desorption 
temperature and avoids damaging the adsorbent.  Two evaporators were used.  At the end 
of the desorption process, the mass and pressure in the desorber-side evaporator are 




mass to flow from the high pressure to the low pressure side, the pressure in the 
desorption side decreased, which increased mass circulation and performance.  This form 
of mass recovery is similar to that used by Liu et al. [33]. 
2.6 Adsorption/Absorption Comparison 
 Heat-actuated heat pumps and chillers are generally more complex than their 
vapor compression counterparts, but they have several desirable characteristics.  Firstly, 
most of the typical refrigerants in adsorption or absorption devices have no ozone 
depletion potential and low global warming potential.  Many refrigerants are common, 
natural substances such as water, ammonia and alcohols [2].  Another benefit of heat 
actuated devices is that they consume substantially less power in valves and pumps than a 
compressor does in a vapor compression system [78].  In addition to reducing parasitic 
shaft power losses onboard mobile chillers, using a heat-actuated chiller in place of a 
vapor compression system will reduce peak electricity demand by residential air 
conditioners, thus smoothing electricity demand throughout the year [40, 132].  If an 
adsorption heat pump is gas-fired, then it makes better use of the gas delivery 
infrastructure and balances the disparity between high electricity use in the summer and 
high gas consumption in the winter.  Moreover, heat actuated heat pumps with heating 
COPs greater than one can deliver more heat than can be extracted from a fixed amount 
of fuel by a gas-fired furnace, and therefore, better utilize fuel [20, 36].  Another 
advantage of gas-fired heat pumps like the thermal wave adsorption configuration over a 
furnace or electric heat pump is that two temperatures are available: the adsorber heat 
transfer fluid temperature, and the condenser temperature.  Depending on the source 
temperature, these temperatures can be substantially different, and Shelton et al. [8] 




processes.  Furthermore, sorption cooling systems can store cooling capacity for 
practically an indefinite period by accumulating condensate in a high-pressure vessel and 
later expanding that refrigerant when cooling is needed.  This has applications in 
medication transport, food and beverage cooling and other areas. 
 Adsorption heat pumps have three strengths compared with other heat-actuated 
devices.  Firstly, adsorption units can be powered by very low-temperature lifts.  Using 
the low-temperature working pair silica gel-water and a staged cycle, Saha et al. have 
indicated that it is possible to utilize a 40°C desorption temperature with 28°C coolant [3, 
46].  Such low source temperatures are not possible in LiBr-water absorption systems 
because of the risk of crystallization at low driving temperature.  Chua et al. [9] reported 
that the lowest source temperature that can be used in such systems is 61°C with 31°C 
coolant and 8°C chilled water inlet temperatures, respectively.  Crystallization also 
becomes difficult to avoid when operating at low evaporator temperatures in LiBr-water 
systems [14].  Compared with ammonia-water absorption systems, adsorption units do 
not require a rectifier since there is no risk of the solid desiccants evaporating with the 
refrigerant. 
 Although both adsorption and absorption units can be made more efficient by 
adding recuperative heat exchangers, fluid loops and other complexities, a simple 
adsorption unit (three heat exchangers) is less complex than a simple absorption unit 
(four or five heat exchangers).  To facilitate switching, many adsorption designs do 
contain an array of liquid control valves that are not required in absorption, but some 
adsorption configurations like the thermal wave chiller can do without such valves.  In 




high-pressure sides.  Although small circulatory pumps are usually needed to control the 
thermal coupling of the sorption beds, such pumps may also be present in absorption 
units if the desorber/absorber are not directly coupled to the heat source/sink.  Shelton et 
al. [35] indicated that the reversible pump in their thermal wave cycle consumed less 
electricity than an absorption solution pump.  The amount of electricity consumed by 
either the adsorption circulatory pumps or the absorption solution pump is generally a 
small proportion of the cooling power; however, the difference may be important if the 
adsorption circulatory pumps are sufficiently smaller that they could be powered by 
batteries, thus making adsorption more attractive for mobile or remote applications.  
Also, the adsorption heat pump may have lower vibration and noise without a compressor 
or solution pump [54], which represents a significant advantage in acoustically or 
dynamically sensitive applications such as hotel room refrigerators, military or space 
applications.  For this reason and also their high reliability, NASA investigated using 
adsorption units for infrared sensor cooling aboard space craft [26].  If check valves are 
used in place of refrigerant-side control valves, the adsorption systems can be highly 
reliable, which is desirable for deep-space missions [26]. 
 Adsorption units may be more appropriate than absorption heat pumps in mobile 
applications because of their insensitivity to vibration and orientation.  In absorption, 
there is a risk of solution spilling over to the condenser and evaporator if not properly 
designed.  This is not a concern in adsorption.  Also, absorption units employing falling-
film desorbers or absorbers are directionally-dependent whereas the solid adsorbent is 
usually rigidly- or semi-rigidly fixed to heat exchanger tubes [99].  On the other hand, 




does not cause the solid adsorbent to lose contact with the heat exchanger surface, or 
settle and change transport characteristics. 
 The primary disadvantages of adsorption heat pumps are their batch-wise 
operation, low efficiency, and low specific cooling power.  In some applications, batch-
wise operation may be tolerable.  In some mobile vapor compression cycles, for instance, 
the compressor is powered intermittently; however, van-Benthem et al. [21] pointed out 
that the intermittency affects efficiency.  Compared with absorption, which may utilize 
efficient counter-flow heat exchangers for internal recuperation in two or three places, 
some adsorption systems are limited to 50 percent regeneration efficiency.  With lower 
regeneration efficiency, minimizing heat exchanger mass becomes important for thermal 
efficiency as well as cost effectiveness.  The thermal wave devices are exceptions to this 
limitation.  Representative COPs for modeled single-effect absorption cycles reported in 
the literature are shown in Table 2.6.  The single-effect absorption heat pump has suitably 
few components for mobile applications.  More complex double-effect, triple-effect or 
GAX cycles are probably too cumbersome for use onboard a vehicle. 
 
The ~0.7 and 0.6 COPs for LiBr-water and ammonia-water systems are greater than the 
average found for two-bed, non-recuperative adsorption cycles (0.44 modeled, 0.39 
experimental). 
Table 2.6: Representative COPs for single-effect absorption heat pumps 





LiBr-Water 110/37/42/5 0.75 Model [133] 
LiBr-Water 100/32.9/34.6/1.5 0.696 Model [134] 
Ammonia-Water 95/35/35/-10 0.57 Model [135] 
Ammonia-Water 195*/42/42/10 0.6 Model [136] 




 Some investigators have compared adsorption, absorption and other heat-actuated 
systems in a quantitative manner.  Meunier et al. [137] compared the performance of 
adsorption, absorption, and chemical reaction devices.  They then used a Second Law 
analysis to explain the trends in COP by determining the relative contributions to overall 
entropy production by three processes within the adsorption/absorption cycles: those 
resulting from external heat transfer, those resulting from internal heat transfer during 
energy recovery, and an ‘other’ category composed of entropy production by 
desuperheating refrigerant from desorber temperature to condensing temperature, 
throttling, and superheating refrigerant from evaporator temperature to adsorber 
temperature.  They assumed a reversible condenser and evaporator, that all components 
had uniform temperature, and neglected mass transfer irreversibilities.  Estimates for the 
COPs of the adsorption and absorption systems were made by specifying that the 
evaporator and heat sink temperatures of 3°C and 40°C, respectively.  The source 
temperature was set at 220°C for the adsorption device and 92°C for the absorption 
device.  They explained that these widely different source temperatures selected were 
intended to optimize COP values, not thermodynamic efficiency (η = COP/COPRev) for 
each cycle.  For a non-regenerative adsorption cycle, heat exchange with the environment 
contributed to 98 percent of the overall entropy production compared with 72 percent in 
the non-regenerative absorption cycle.  With heat recuperation, entropy production in the 
adsorption chiller was 70 percent by external coupling and 22 percent by internal heat 
transfer.  In the recuperative absorption chiller, external heat transfer constituted just 35 
percent of the entropy production compared with 16 and 49 percent for the internal heat 




effective heat recuperation techniques to reduce entropy production in adsorption cycles 
and using a more efficient throttling device to reduce entropy production in absorption 
units. 
 Meunier et al. continued their Second Law analyses in a second study [137, 138] 
where they compared entropy produced by cascading adsorption heat to a pre-heating 
bed.  The conditions for the cascaded cycle were the same as those in their previous 
study: Tdes = 220°C; Tc = 40°C; Te = 3°C.  The Carnot efficiency of the cycle (η = 
COP/COPRev) was 0.19 with one adsorber, 0.3 with two, 0.36 with three and 0.54 with 
eleven.  By contrast, they reported that a thermal wave chiller operating at the same 
temperatures could achieve a Carnot efficiency of 0.56 at optimal heat transfer fluid mass 
flow rate, half-cycle time, and sorption bed heat exchanger dimensions. 
 Pons et al. [132] also addressed some of these questions related to performance by 
compiling a significant amount of performance data for adsorption, absorption and 
chemical (ammonia salt and metal hydride) sorption systems.  They compared the COPs 
of these devices for air conditioning, ice making, and deep freezing with both water and 
air cooling.  There was a large amount of spread in the compiled results; however, Pons 
et al. pointed out that when the heat source temperature was not confined to waste-heat 
temperatures, absorption systems performed best.  They cautioned, though, that 
constraining heat source temperatures to low values could change this result. 
 Gupta et al. [139] conducted a careful comparison of non-recuperative silica gel-
water adsorption, non-recuperative LiBr-water absorption and silica gel desiccant 
cooling.  They assumed the high temperature heat exchangers (i.e., the desorber, 




desiccant cooling systems, respectively) had UAs of 1.0 kW/K.  They determined the 
amount of desiccant or solution in the system by specifying a uniform cooling power of 8 
kW for a 90°C heat source temperature.  They attempted to maintain similar complexity 
in the three systems, but it should be noted that the open desiccant system is inherently 
simpler and more reliable than closed vacuum systems.  In the adsorption system, the 
metal-to-adsorbent mass ratio was 20:7, which is a reasonable value; however, the 
authors pointed out that it may be difficult to achieve a 1.0 kW/K conductance with 20 kg 
of heat exchange material.  The parameterized results are shown in Fig 2.22 for source 
temperatures between 40 and 120°C with condenser and evaporator temperatures of 29 
and 19°C, respectively.  The cooling capacities of the adsorption and absorption devices 
are comparable over most of the temperature range.  The cooling capacity of the 
desiccant system is lower than that of the closed systems at temperatures below 90°C and 
higher above.  For the operating conditions considered, the efficiency of the adsorption 





Gupta et al.’s paper is a good model for comparing other conditions in future studies.  





Fig 2.22: a) Cooling power and b) COP versus source temperature for heat actuated 




for heat pump applications, can be made most compactly, and would perform best if 
recuperation or advanced cycles were implemented. 
 Cerkvenik et al. [13] compared a single-effect Li/Br-water absorption cycle with a 
two-bed zeolite-water adsorption chiller employing thermal energy recovery.  The energy 
recovery efficiency of the adsorption device was 50 percent while the absorption chiller’s 
solution heat exchanger was modeled with much higher efficiency.  Under these 
constraints, they showed that the single-effect LiBr-water absorption chiller had a COP 
exceeding 0.8 while the zeolite (13X)-water adsorption chiller had a COP of less than 
0.4.  Also, they predicted that less heat exchanger area was required for the absorption 
chiller than the adsorption chiller per unit of cooling; however, it should be noted that the 
desorption temperature used for the LiBr-water chiller was 90°C, which is fairly typical 
for those modules, while the zeolite-water source temperature was 120°C, which is far 
below the typical value used for zeolite-water chillers, making this a biased comparison 
of sub-optimal cycle configurations.  The sink temperatures were both 27ºC. 
2.7 Motivation for Present Research 
 The above discussion showed that adsorption heat pumps have some inherent 
disadvantages such as batch-wise operation, poor heat and mass transfer in solid 
adsorbents, large device footprint and poorer efficiency than other heat-actuated cooling 
cycles.  In some applications, these disadvantages are offset by the opportunity for simple 
systems, insensitivity to orientation and vibration and the ability to utilize low 
temperature lifts.  The objective of the present work is to determine if a mobile 
adsorption air conditioner driven by engine waste heat might be designed in a way that 
capitalizes on the simplicity and low-temperature lift characteristics of such a device 




adsorption heat pump is investigated at three levels: the adsorbent particle level, the 
sorption bed heat exchanger level and the system level. 
2.7.1 Particle Level 
 From the literature, it is clear that refrigerant mass transfer in the sorption bed 
layer plays an important role in adsorption heat pump performance; however, what is 
unclear is whether inter-particle or intra-particle mass transfer resistance dominates.  
Several studies have highlighted the importance of refrigerant permeation on 
performance and cautioned against compacting adsorbent layers to increase adsorbent 
conductivity while others have neglected inter-particle resistance and assumed that intra-
particle resistance dominates.  The conditions under which inter-particle resistance may 
be neglected should be determined.    Chapter 3 explores intra-particle diffusion in detail.  
In many previous studies, investigators have modeled intra-particle resistance using the 
linear driving force (LDF) approximation without validation.  The parameters that affect 
the accuracy of the LDF approximation and to what extent should be established as 
should conditions under which the LDF can be safely used. 
 In automotive applications, early studies utilized automotive exhaust heat to drive 
the sorption bed, but some recent designs have instead used heat from the engine coolant 
stream.  Even though the coolant stream has a lower temperature than the exhaust, it has 
the advantages of 1) higher heat transfer coefficient 2) access to stored sensible heat in 
the engine block and radiator after engine shutoff and 3) a temperature that results in 
lower thermal and mechanical stresses.  The present work therefore utilizes the engine 
coolant stream at a nominal temperature of 90°C as a heat source.  Consequently, low-
temperature working pairs are used.  Silica gel-water is a well-established low-




fiber-ethanol, which is also a low-temperature working pair but has not been studied as 
thoroughly.  Both working pairs are modeled in the particle-level study.  The spherical 
silica gel particles and cylindrical activated carbon fibers represent two different 
adsorbent geometries so that the particle-level diffusion study is more general.  
2.7.2 Component Level 
 Heat transfer to and from the adsorbent has been shown by a number of 
investigators to strongly affect the performance of an adsorption heat pump [18, 20, 140].  
For instance, Kubota et al. [61] showed that an optimized sorption bed heat exchanger 
could make over 200 percent difference in the amount of cooling capacity produced.  At 
the same time, it has been shown that too large of a heat exchanger mass can hinder 
efficiency.  In automotive applications, Zhang [5], Boatto et al. [129, 130] and Lambert 
and Jones [101, 116] together showed that although reducing specific cooling power 
through improved heat transfer is important, and even though the waste heat availability 
from an internal combustion engine is sufficiently large to drive an adsorption air 
conditioner during highway driving conditions, the COP of the air conditioner is also a 
relevant factor in determining whether a design is feasible and cannot be altogether 
sacrificed for the sake of increasing specific cooling power.  No studies have shown how 
this balance might be achieved through heat exchanger geometry design. 
 Packed bed designs have been widely used for the sorption bed heat exchangers 
as a robust, inexpensive, readily available design.  Unfortunately, the packed bed suffers 
from poor wall heat transfer coefficient and effective thermal conductivity.  Investigators 
have studied different configurations to improve heat transfer performance, but the 
proposed improvements have their own deficiencies.  The synthesized adsorbent layers 




mass ratio and the isosteric time needed to reach evaporator or condenser pressures.  
Suspending adsorbent in a binder and pasting it to a heat exchanger surface also improves 
heat transfer, but the binder introduces more inert mass to the system and there is a strong 
possibility that the bound adsorbent could separate from the heat exchanger tubing after 
many thermal cycles and under the high stress, vibrating environment aboard an 
automobile.  These and other heat transfer enhancement techniques should continue to be 
studied in future investigations, but the packed bed design will be used in the present 
work because it is established and relatively robust. 
 Additionally, the specifics of heat and mass transfer inside the sorption bed heat 
exchanger have not been completely explained by previous studies.  The temperature 
distribution, for instance, in the sorption bed has not been shown in detail.  
Understanding the rate at which different parts of the sorption bed change temperature is 
an important step in selecting a cycle time and heat exchanger geometry.  Along the same 
line, very few studies [22] have discussed whether or not the lumped-parameter 
simulation technique for which a uniform sorption bed temperature is assumed, a method 
which is discussed at length in Chapter 5, accurately predicts sorption rate or heating rate.  
This is done in Chapter 4 by comparing sorption bed models of varying degrees of detail. 
2.7.3 System Level 
 The survey of the literature revealed that many different adsorption cycles, 
configurations and recuperative measures have been proposed.  The conventional two-
bed adsorption heat pump has been selected for the current work in spite of the fact that 
other configurations yielded better performance; tabulation of the COPs and SCPs in the 
literature showed that the thermal-wave cycle yields the best performance; however, the 




desorber and therefore may be preferred in several applications.  The performance of the 
thermal wave chiller depends directly on the outlet fluid temperature and is consequently 
more strongly tied to design of the sorption bed heat exchanger than the conventional 
two-bed setup.  It therefore seems that there would be a higher probability of success with 
the conventional sorption bed design since the entire design does not depend as heavily 
on a single component.  At the same time, the conventional two-bed adsorption heat 
pump has more continuous evaporation than the single-bed design and less complexity 
than the multi-bed or staged design, striking a good compromise between the two 
extremes. 
 The two-bed configuration has also been selected because recuperative measures 
may be used to improve SCP and COP.  Energy recovery can be used to decrease the 
amount of source heat required to power the pre-heating and desorption modes; however, 
it has not been shown whether or not this recuperative mechanism is practical in mobile 
adsorption heat pumps given that it may require additional heat transfer fluid valves and 
increase system complexity and size. 
 The first objective of the two-bed system simulation is to predict the transient 
temperature, pressure and uptake histories using a set of initial conditions and inputs 
obtained from the component-level study, including adsorbent-metal mass ratio, shell 
mass, and UA void volume.  These transient parameters are used to calculate COP and 
SCP, which are in turn used to evaluate whether a conventional two-bed heat pump can 
produce 1.3 kW of cooling power for a mobile application with a target evaporator 
temperature of 5°C using 90°C waste heat, 35°C coolant and reasonable heat exchanger 




determine whether energy recuperation is worthwhile in low-source-temperature mobile 






CHAPTER 3  
PARTICLE-LEVEL MASS TRANSFER 
 
 The performance of an adsorption heat pump depends greatly on the rate of 
refrigerant throughput, which is determined by the desorption and adsorption rates.  
Desorption rates should be high in order to maximize the amount of refrigerant that is 
condensed, expanded and sent to the evaporator to produce evaporative cooling.  
Adsorption rates should also be high in order to remove sufficient refrigerant from the 
evaporator and maintain low evaporating pressure and temperature.  Desorption and 
adsorption can be impaired by unfavorable component geometry, low sorption potential 
resulting from improper source temperature/working pair matching, poor inter-particle 
mass transfer arising from low sorption bed permeability, or slow intra-particle mass 
transfer. The effects of the first two mechanisms can be mitigated through good heat and 
mass exchanger design and working pair selection.  Depending on the adsorbent particle 
geometry, the inter-particle and intra-particle mass transfer resistances can both be 
important, but it is shown here that the intra-particle mass transfer resistance dominates 
the inter-particle resistance for the particle geometries that optimize sorption rate under 
representative adsorption heat pump conditions.  It is therefore important that intra-
particle diffusion simulations are accurate. 
 The purpose of this Chapter is threefold.  Firstly, the problem of modeling intra-
particle diffusion is outlined along with a discussion of the importance of inter- and intra-
particle diffusion mechanisms in sorption bed adsorbent layers.  Secondly, exact (Fickian 




conditions under which they yield significantly different results are revealed.  In the 
component-level and system-level simulations that follow in Chapters 4 and 5, it is 
desirable to use the approximate diffusion model when possible to reduce the 
computational time.  A finite volume solution to the exact diffusion equation is developed 
in this chapter to be used when the approximation cannot be used.  Although selecting the 
acceptable level of linear driving force error depends on the accuracy of other model 
inputs, in this chapter, 15 percent error is considered unacceptably high.  If a modeling 
simplification yields significant reduction in computational time, a 5 percent error in the 
mass transfer prediction is deemed acceptable.  The third part of this chapter investigates 
the effect of adsorbent particle size on adsorption rate to determine the optimal particle 
geometry that is used in the component- and system-level simulations. 
3.1 Intra-Particle Diffusion Modeling 
 Intra-particle mass transfer of adsorbate in microporous adsorbents can be 








It should be noted that a more general refrigerant mass balance can be used to model 
combined gas phase and adsorbed phase diffusion [143]; however, it is shown in 
Appendix A and elsewhere [144, 145] that this combined mass balance can be converted 
to the FD equation using an appropriate adsorption isotherm and an apparent diffusivity, 
Dapp, to account for a combination of diffusion mechanisms.  For microporous adsorbents 
with high specific surface area adsorbing vapor, the apparent diffusivity is approximately 
equal to the surface diffusivity [146].  Consequently, the FD equation is considered to be 




equations.  While analytical solutions to Eq (3.1) have long been known for isothermal 
conditions, equilibrium adsorbate content can be a strong function of temperature.  
Therefore, in component- and system-level modeling, Eq (3.1) and the sorption bed mass 
balance must be coupled to an energy balance, so that Eq (3.1) cannot be solved 
analytically.  Solving Eq (3.1) numerically for the sorption bed coupled with mass and 
energy balances in the spatial and temporal domain can be time consuming in terms of 
computation.  As an alternative, several approximations to Eq. (3.1) have been 
developed: the quadratic driving force [147], modified shell-core, the generalized driving 
force [148], and the linear driving force (LDF) [39] approximations.  The LDF, Eq (3.2), 
is an approximation of the one-dimensional FD equation in the form of a first order, 
linear, ordinary differential equation and is commonly used to model intra-particle mass 
transfer in adsorption heat pump simulations found in the literature [22, 30, 44, 62, 110, 
149]. 
  LDF LDF LDF
dw k w w
dt 
   (3.2) 
Various forms of the LDF mass transfer coefficient, kLDF, have been proposed to suit 
different combinations of cycle time, diffusivity and adsorbent particle size [141, 150, 
151], but the one used most often in heat pump modeling is given by (F0Dapp/rp2).  A 
rigorous mathematical derivation of the LDF for spherical particles can be found in 
Glueckauf [39].  In this derivation, two important assumptions are made.  First, the 
dimensionless cycle time, θ = Dappt/rp2, is greater than approximately 0.1 [39, 150].  This 
assumption allows exponential terms in the exact solution to be truncated.  Second, the 
rate of change of equilibrium or surface adsorbate content is assumed to equal the rate of 




always satisfied for adsorption heat pumps, and no prescription exists for determining the 
magnitude of the LDF error when just one of the two assumptions is justified.  This 
should be done for common adsorbent geometries; not just the spheres studied by 
Glueckauf. 
 This Chapter directly compares the LDF with the FD equation for long, 
cylindrical adsorbent fibers and spherical adsorbent particles.  Activated carbon fiber 
(ACF)-ethanol, a relatively new working pair for adsorption refrigeration, is used to 
represent cylindrical geometry, and silica gel-water is used for the spherical geometry.  
Adsorption and desorption histories for these two cases are constructed for step-change 
boundary conditions, which occur during isothermal adsorption or desorption.  Although 
the heat of adsorption and finite heat transfer rates in adsorption heat pumps cause the 
equilibrium adsorbate content to differ from the isothermal step-change idealization, the 
present analysis has been confined to an isothermal case for three reasons.  Firstly, it will 
be shown that the isothermal step-change condition yields the maximum possible LDF 
error and therefore provides a conservative bound for non-isothermal cases.  Secondly, in 
thermogravimetric analysis for classifying diffusion properties of an adsorbent, adsorbent 
samples are sometimes maintained at constant temperature so that analytical diffusion 
solutions may be used to model the adsorption data.  Thirdly, the diffusion equations can 
be solved analytically for the step-change boundary condition, which allows important 
mathematical observations to be made that could not otherwise be obtained using 
numerical solutions to non-isothermal diffusion equations.  Using the step-change case, 
the relative error of the LDF is shown to be a function of dimensionless time and the 




3.1.1 Previous Work Intra-Particle Mass Transfer 
 Adsorbate mass transfer has been investigated for adsorption separation processes 
[142, 152] as well as adsorption heat pumps.  There therefore exists a sizeable amount of 
literature on all aspects of mass transfer at the particle level.  This section summarizes 
some of that literature. 
 Schneider and Smith [153] studied external diffusion, intra-particle diffusion and 
adsorption of ethane, propane and n-butane in spherical silica gel particles.  In a 
subsequent study [154], the same investigators determined the contribution of surface 
diffusion in the same working pairs.  Their experiments were conducted at very low 
surface coverage such that limiting surface diffusivity values were found.  Many other 
investigators have also focused solely on intra-particle diffusion models.  Peel et al. [155] 
modeled diffusion within and between the two distinct pore structures found in activated 
carbon particles, which they loosely classified as micro- and macropores.  Pesaran and 
Mills [144] modeled combined Knudsen and surface diffusion of water vapor in regular 
density and intermediate density silica gel.  They accounted for heat generation using a 
lumped-parameter model and found that the prominent diffusion mechanism depends on 
the average pore size of the adsorbent; vapor transport in the regular density silica gel 
was dominated by the surface mechanism while surface and Knudsen diffusion were both 
important in the intermediate density, large-pore silica gel.  Taqvi et al. [156] modeled 
several modes of intra-particle mass transfer in spherical, bidisperse adsorbent particles: 
Knudsen diffusion, surface diffusion and macropore convection.  The relative importance 
of macropore convection, which was modeled by Darcy’s law, was shown to depend on 




 There have been a number of published experimental intra-particle mass transfer 
studies.  Aristov et al. [96] experimentally evaluated diffusion of water in the composite 
adsorbent SWS-1L using a differential step isothermal method.  By incrementing the 
surface adsorbate concentration in differential steps, the investigators maintained a linear 
equilibrium relationship between the adsorbed phase and gas phase.  The differential step 
method also mitigated thermal effects by suppressing the amount of adsorption heat 
generation.  El-Sharkawy et al. [157] and Saha et al. [83] experimentally studied the 
adsorption kinetics of ethanol mass transfer in activated carbon fiber.  In these studies, 
the surface diffusivity of the fibers was determined using an empirical version of the LDF 
equation.  Dawoud et al. [86] studied the zeolite-water working pair using combined heat 
and mass transfer analysis techniques.  Guo et al. [158] experimentally evaluated the 
effective diffusivity of methane and ethane in zeolites 5A and 13X and analyzed the 
relative contributions of macropore, micropore, and macropore-micropore-in-series 
diffusion. 
 Some investigators have developed novel forms of or alternatives to the 
conventional LDF approximation.  Alpay and Scott [150] and Carta [151] proposed 
different modified forms of the LDF mass transfer coefficient for spherical particles to 
improve accuracy at short cycle times.  In Alpay and Scott’s article, the modified LDF 
mass transfer coefficient was made a function of the dimensionless half cycle time and 
derived using a penetration theory model.  This modified mass transfer coefficient should 
not be used for long cycle times when the effect of surface adsorbate concentration is felt 
at the center of the adsorbent.  Scott [141] extended this work to infinite slabs and 




equation with the LDF model for slabs, cylinders and spheres.  These alternative 
approximations, called the modified shell core and the general driving force models, 
show some improved accuracy in differential adsorbate uptake under certain half-cycle 
times. 
 Other investigators have discussed the accuracy of the LDF, at least for spherical 
particles.  Sircar and Hufton [147] discussed the appropriateness of the LDF in modeling 
adsorption in heterogeneous adsorbents, breakthrough curves (i.e., concentration profile 
versus time) in packed beds, and pressure swing adsorption processes.  They concluded 
that the LDF equation delivered satisfactory predictions in those processes.  Chahbani et 
al. [159] investigated the difference between using an equilibrium mass transfer model, 
the LDF approximation, and the FD equation in a single-bed adsorption heat pump 
utilizing the carbon-ammonia working pair.  For fixed cycle time, the accuracy of the 
equilibrium and LDF models compared with the FD model was found to be a function of 
the intra-particle diffusion resistance (Dapp/rp2).  For large diffusive resistance (i.e. small 
Dapp/rp2), the single-bed coefficient of performance was shown to be underestimated by 
the LDF and overestimated by the equilibrium model.  As the diffusive resistance was 
decreased (i.e. increased Dapp/rp2), it was shown that all models converged to the COP 
predicted by the equilibrium model.  The specific cooling power was shown to follow a 
similar trend.  While Sircar and Hufton’s and Chahbani et al.’s studies provided useful 
insights for some specific cases, an extensive study of the conditions under which the 
LDF may be applied for spherical and cylindrical geometries has not been conducted in 





3.1.2 Intra-Particle Versus Inter-Particle Resistance 
 Before evaluating the accuracy of the LDF approximation, it should be 
determined whether or not the intra-particle resistance has an appreciable effect on the 
adsorption process in adsorption heat pumps compared with the effect of inter-particle 
resistance.  Before adsorption occurs, refrigerant must first overcome the inter-particle 
pressure drop associated with permeation through the adsorbent layer before reaching the 
surface of an adsorbent particle where intra-particle diffusion begins.  A schematic of the 
combined inter/intra-particle mass transfer being modeled is illustrated in Fig 3.1. 
 
Many heat pump simulations in the literature [22, 30, 44, 149] have assumed that the 
inter-particle resistance is negligible.  Here, a one-dimensional simulation of free vapor 
permeating through a packed bed during adsorption is used to evaluate this assumption 
for a sorption bed heat exchanger and particle geometries of interest.  In the one-
dimensional simulation, the adsorbent is assumed to be in thermal contact with a 1 mm-
thick, stainless steel heat exchanger plate, on the opposite side of which is water flowing 
at 1 m/s to remove the heat of adsorption.  The adsorbent layer is specified to be 20 mm-
 




thick, which is slightly greater than the silica gel layer surrounding tubes reported by 
Chua et al. [4] for a commercial chiller.  Modeling the thicker adsorbent layer will 
amplify the importance of the inter-particle mechanism, so when the inter-particle 
resistance is shown to be small for most cases, there is a margin of safety in neglecting it. 
The intra-particle mass transfer rates are determined by numerically solving the FD 
equation (Eq 3.1) using the finite volume method.  The adsorbent particles within each 
segment of the adsorbent layer were assumed to have uniform uptake.  The mass and 
energy balances used in this simulation, Eqs (3.3, 4), were adopted from Amar et al. [38]. 
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In these conservation equations, ρapp = ρads·εt, where the total porosity is defined by Eq 
(3.5).  Note also that the specific heat of the adsorbed phase has been neglected here for 
simplicity.  It will be included in the models developed in Chapters 4 and 5. 
  t void void mi1       (3.5) 
The initial conditions for the adsorbent are defined by Eqs (3.6, 7) where Pe is the 
refrigerant saturation pressure at 10°C, and Tcool is the heat transfer fluid temperature 
(30°C.)  The initial adsorbate content is set by a source temperature of 95°C and the 
condensing pressure of refrigerant at 30°C. 
  ads e, 0P x t P   (3.6) 
  ads cool, 0T x t T   (3.7) 
The boundary conditions are Eqs (3.8-11). 
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For simplicity, the thermal storage capacity of the metal heat exchanger plate is neglected 
in using an overall heat transfer coefficient (Eq 3.12) to thermally couple the adsorbent to 
the heat transfer fluid.  This is justifiable since the purpose of this analysis is to determine 
the relative importance of inter-particle and intra-particle mass transfer mechanisms, not 
the prediction of thermal performance. 
 m
overall w m htf
1 1 1L
U h k h
    (3.12) 
The maximum refrigerant-side Reynolds number (Eq 3.13) occurs at the outermost node 
and is found to be one or two orders of magnitude less than ten for both the silica gel-
water and ACF-ethanol cases, which means the refrigerant flow is laminar [160].  In Eq 
(3.13), the velocity is the superficial velocity, which equals the volumetric flow rate of 
refrigerant through the layer divided by the layer cross-sectional area.  For laminar flows 
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The effective particle diameter is defined as dp,eff = 6∙V/S, which is equivalent to the 
diameter for spheres, and is (πrp2L)/(2πrLp+2πrp2) for cylinders.  The set of Eqs (3.3-15) 
were solved using an explicit finite difference technique with thirty nodes across the 
adsorbent layer and a one second time step.  The intra-particle diffusion equation was 
solved using the finite volume method, which is discussed more thoroughly later in this 
Chapter, with thirty-nine nodes for the cylindrical geometry and forty-nine nodes for the 
spherical geometry.  Table B.1 in Appendix B shows that these are sufficiently fine to 
limit changes in uptake and temperature to less than 1 percent.  The simulation constants 




 Fig 3.2 shows the ethanol and water vapor pressure distributions along the non-
dimensionalized layer (0 < x/L < 1) for different times during the adsorption process.  
The pressure gradient in the adsorbent layer arises as the adsorbent particles close to the 
metal plate adsorb nearby vapor, which must be replenished by vapor permeating from 
the outer regions of the adsorbent.  The pressure histories in Fig 3.2 illustrate that the 
pressure drops resulting from inter-particle resistance are greatest at times near the onset 
of adsorption when the sorption rate is greatest; for example, after five seconds of 
adsorption, the changes in pressure across the adsorbent layers are 4.5 percent and 3.8 
percent of the surface layer pressures for ACF-ethanol and silica gel-water, respectively, 
Table 3.1: Constants used to model mass transfer in Figs (3.2, 3 a,b) 
Silica Gel-Water [22] ACF-Ethanol [149]
 
ρads = 2027 kg/m3 [22] 
εvoid = 0.37 [22] 
εmi = 0.51 [22] 
keff = 0.198 W/(m-K) [22] 
cads = 0.924 kJ/(kg-K) [22] 
hw = 30 W/(m-K) [63] 
rp = 7.1×10-4 [m] [22]
 Fo = 15 [22] 
ρads = 850 kg/m3 [161] 
εvoid = 0.9 [47] 
εmi ≈ 0.85 [162] 
keff = 0.0893 W/(m-K) [47] 
cads = 0.941 kJ/(kg-K) [161] 
hw = 30 W/(m-K) [63] 
rp = 6.5×10-6 [m] [149] 
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w0 = 0.797 kg/kg 
D = 1.716×10-6 K-2 
R = 180.5 kJ/(kg-K)
 K0 = 7.3×10-13 kg/(kg-Pa); 
w0 = 0.45 kg/kg; 
t’ = 12 
ΔHads = 2.693×106 J/kg; 
Ru = 8.314 J/(mol-K); 
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 Dso = 2.54×10-4 m2/s 
Ea = 4.2×104 J/mol [22] 
Dso = 1.8×10-12 m2/s 





which indicates low inter-particle resistances for each working pair.  As the adsorbent 
particles saturate and their affinity for adsorbate decreases with time, so too does the 
velocity of the permeating vapor and the pressure gradient until the pressure at all 
locations in the adsorbent layers approach that of the free vapor. 
Because refrigerant pressure decreases as the vapor permeates through the adsorbent 
layer, the outermost segment adsorbs the most rapidly and the innermost segment adsorbs 
the least rapidly at the instant adsorption begins; however, Figs (3.3 a,b) show that the 
heat of adsorption causes the temperature of the outermost node, x/L = 0, to reach a 
higher value than the innermost node, x/L = 1, which is closely coupled to the heat sink.  
As a result, the inner nodes have higher adsorbate content throughout most of the 
adsorption process.  The difference in adsorbate content between the inner and outer 
nodes is caused by heat transfer resistance, not inter-particle mass transfer resistance.  To 
verify this, Figs (3.3 a,b) also show the adsorbate contents at the innermost and outermost 
nodes for adsorbent with negligible conductive resistance, or an assumed keff = 10,000 
W/(m-K).  Under this condition, the uptake histories for the outermost and innermost are 
 
Fig 3.2: Refrigerant pressure versus dimensionless position for ACF (A-20)-ethanol 




nearly coincident for both working pairs, which signifies that intra-particle resistance 
dominates the inter-particle resistance.  The adsorbate contents for both adsorbents 
continue to rise even after the adsorbent temperatures stagnate because the intra-particle 
resistance causes the instantaneous adsorbate content at each node to lag behind 
equilibrium.  Thus, the heat transfer and intra-particle resistances, not inter-particle 
resistance, dominate the adsorption process for the cases shown.  Although the inter-
particle resistance might be more significant for other adsorbent layer thicknesses, 
particle geometries or thermal boundary conditions, the transient plots in Figs (3.3 a,b) 
were computed using realistic conditions found in the literature.  Given its apparent 
importance, it seems pertinent to study the intra-particle diffusive resistance in detail to 
determine if the LDF approximation that has been so widely used to model intra-particle 
diffusion is valid for conditions representing adsorption heat pumps.  The next sections 





3.2 Isothermal Step Change Study: Linear Driving Force Error 
 Cylindrical and spherical particle geometries will be used to illustrate the 
behavior of the LDF approximation.  The ACF (A-20)-ethanol working pair being used 
for the cylindrical geometry was investigated by Saha et al., El-Sharkawy et al. and 









to intermediate source temperatures from 60 to 95°C [149, 163], which makes it a good 
candidate for engine-coolant waste heat.  The individual fibers have a dominantly 
microporous structure [164], and ethanol diffusion has been described as being 
dominated by the surface mechanism [83].  Therefore, the ACF (A-20)-ethanol pair will 
serve to compare the FD, Eq (3.1), with the LDF, Eq (3.2), using the surface diffusion-
specific apparent diffusivity derived in Appendix A.  Because the fibers have large aspect 
ratios, they are approximated as one-dimensional.  To evaluate this assumption, the one-
dimensional (radial) and two-dimensional (radial and axial) solutions are plotted in Fig 
3.4. 
 
In this figure, the dimensionless adsorbate content, w*, has been defined in such a way 
that w∞ and w0 need not be specified: w* is | w -w∞|/|w∞-wini| for the desorbing case and 1-
| w - w∞|/|w∞-wini| for the adsorbing case where w  is cw  for cylinders and sw  for spheres.  
It is clear that the axial contribution to diffusion is negligible for fibers with a length-to-
 




diameter ratio (X) of 20 or more.  Activated carbon fibers generally have a 
length/diameter ratio on the order of 100 [165].  When written in one-dimensional 
cylindrical coordinates along with the boundary conditions for a constant surface 
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  c p ,w r t w  (3.18) 
  c ini,0w r w  (3.19) 
In Eqs (3.16-19), the equilibrium adsorbate content, w∞, is constant and the initial 
adsorbate content, wini, is uniform.  Substituting the dimensionless parameters ( 





















  c 1,w w   (3.22) 
  c ini,0w R w  (3.23) 
 Water diffusion in silica gel has also been described using the surface mechanism 
([22] referring to [166]) and may be modeled with Eq (3.1).  For the spherical geometry, 
it is self-evident that diffusion is one-dimensional.  The FD equation in spherical 
coordinates is Eq (3.24). 
 2s sapp 2
1w wD r
t r r r





After substituting the dimensionless parameters θ and R, Eq (3.24) becomes Eq (3.25) 
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 (3.25) 
 
The solution to Eqs (3.20) and (3.25) are well known [167] and are given by Eqs (3.26, 
27), respectively.  The eigenvalues, λn, are the solutions to the eigenfunction, J0(λn) = 0. 
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     (3.27) 
The average adsorbate content is obtained by integrating the adsorbate distribution as in 
Eq (3.28). 


















3w w R dR    (3.30) 
Upon substitution, the average, transient adsorbate contents for cylindrical fibers and 
spherical particles are Eqs (3.31, 32) respectively. 
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The solution to the LDF approximation, Eq (3.2), in dimensionless form with the initial 
condition (3.33) is Eq (3.34). 
  LDF ini0w w   (3.33) 
      LDF ini 0expw w w w F       (3.34) 
Glueckauf [39] calculated the geometric parameter, F0, for spheres to be 15.  For 
cylindrical fibers, the geometric parameter is different.  The present authors have found 
no mathematically rigorous derivation for F0 in cylindrical coordinates commensurate 
with Glueckauf’s for spherical particles.  The reason for this may be that conventional 
cylindrical adsorbent pellets have aspect ratios that prohibit the one-dimensional mass 
transfer assumption.  Deriving the LDF for a two-dimensional, cylindrical particle by 
Glueckauf’s method is not trivial; however, because as substantiated above, the one-
dimensional assumption can be applied to long activated carbon fibers, a different 
method may be used.  Several authors [148, 157, 159] have shown that for one-
dimensional diffusion, the LDF can also be derived by assuming a second order 
polynomial adsorbate content profile.  Although this derivation is not as mathematically 
precise as the one used by Glueckauf, it provides a consistent prediction in the case of a 
sphere (F0 = 15), which indicates that it works well.  For a one-dimensional cylinder, the 
quadratic profile method predicts F0 equal to eight [148]. 
 El-Sharkawy et al. [157] and Saha et al. [83, 149] have proposed and used, 
respectively, an empirical version of the LDF for ACF-ethanol.  They assumed an 
adsorbate content profile of the form w_=_a0+a2r2+k instead of the conventional quadratic 
adsorbate content profile.  The constant k was evaluated empirically to determine the 
value of the geometric parameter in the LDF mass transfer coefficient.  El-Sharkawy et 




27 and 60°C.  This is higher than the conventional value of eight.  The accuracy of the 
empirical LDF along with the conventional LDF will be illustrated in the next section. 
3.2.1 Factors Affecting LDF Accuracy 
 The average uptakes in long, cylindrical fibers predicted by the FD solution, the 
empirical LDF with F0 equal to 11, and the conventional LDF with F0 equal to eight are 
plotted in Fig (3.5a) versus dimensionless time.  The uptakes for spherical particles 





During adsorption in Figs (3.5 a,b), the dimensionless adsorbate content is initially zero 
in all cases.  As dimensionless time elapses, the dimensionless adsorbate contents 





Fig 3.5: Dimensionless adsorbate content versus dimensionless cycle time for a) 




corresponds to high diffusivity, small particle radius or late real time.  During desorption, 
the dimensionless content is initially one for all models and then approaches an 
equilibrium value of zero with increasing dimensionless time.  (It should be noted that 
during real adsorption heat pump operation, at the beginning of each adsorption or 
desorption phase, the concentration distribution across the adsorbent will typically be 
non-uniform, and governed by the cycling history of that particular system.  The present 
analysis focuses on adsorption-desorption cycles in single adsorbate particles, which is 
adequate for the comparison of the different modeling approaches, as shown in the 
previous section that demonstrated the relative insignificance of inter-particle resistance.)  
For both spherical and cylindrical particles, the magnitude of the sorption rate for the 
LDFs is initially less than for the FDs, but as time elapses, the LDF sorption rates 
increase relative to the FD rate causing the LDF and FD functions to intersect.  As a 
result, there are two dimensionless times when the absolute difference between the LDF 
and FD equations are greatest: one before the intersection and one afterward.  The 
dimensionless times at which these maxima occur for cylindrical and spherical 
adsorbents can be determined by solving Eqs (3.35, 36), respectively, for θ. 
    2 0 0
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     (3.36) 
Because Eqs (3.35, 36) are only functions of F0 and θ, the dimensionless times when the 
extrema occur only depend on adsorbent geometry (shape and radius) and diffusivity.  
For a step change in surface adsorbate content, neither the particle temperature nor 




cylindrical fibers, the extreme differences between the conventional LDF (F0 = 8) and the 
FD equations occur at dimensionless times of 0.021 and 0.31.  If the empirical 
geometrical parameter of El-Sharkawy et al. (F0 = 11) is used, then the extreme 
dimensionless times are 0.011 and 0.19.  For spherical particles, they are 0.012 and 0.18. 
 The relative errors of the LDF approximation are defined by Eq (3.37), where w  
is cw  for cylinders and sw  for spheres based on the Fickian diffusion equation, and are 





















Realistic desorption temperatures of 60 and 95°C for the ACF (A-20)-ethanol pair (stated 
above) have been used to obtain Figs (3.6 a,b) and (3.7 a,b), because unlike the non-










initial and equilibrium adsorbate contents.  These adsorbate contents are fixed using the 
temperature and pressure specifications in Table 3.2 together with the appropriate 
equilibrium adsorbate equation.  During adsorption, the desorption temperature 
determines the initial adsorbate content and during desorption, it determines the 
equilibrium adsorbate content.  The condenser and evaporator pressures were taken as the 
saturation pressures of ethanol at Tc and Te, respectively. 
 
 Some clarification about the temperatures being considered here is needed.  El-
Sharkawy et al. [82] used adsorbent temperatures between 11 and 60°C to determine the 
Dubinin-Radushkevich constants for ACF (A-20)-ethanol.  In that same publication and 
another by Saha et al. [163], the Dubinin-Radushkevich model for ACF (A-20)-ethanol 
was extrapolated to 90 and 95°C, respectively.  At 60°C and a pressure corresponding to 
10°C evaporator temperature, the equilibrium adsorbate content of ACF (A-20) is 0.23 
kg/kg.  Because additional desorption at higher temperatures would constitute a relatively 
small fraction of the maximum adsorbate content, 0.797 kg/kg, those investigators 
Table 3.2: Conditions used to generate Figs (3.6 a,b & 7 a,b) 
Adsorbing Conditions Desorbing Conditions 
 
des
ini des c sat, , Tw w T P P   adsini ads e sat, , Tw w T P P  
 
ads
ads e sat, , Tw w T P P    desdes c sat, , Tw w T P P   
Silica Gel-Water ACF (A-20)-Ethanol 
Tdes = 95°C; Tads = 30°C; Tc = 30°C; Te = 10°C 
Adsorbing Desorbing Adsorbing Desorbing 
wini = 0.0237 kg/kg wini = 0.205 kg/kg wini = 0.11 kg/kg wini = 0.63 kg/kg 
w∞ = 0.205 kg/kg w∞ = 0.0237 kg/kg w∞ = 0.63 kg/kg w∞ = 0.11 kg/kg 
Tdes = 60°C; Tads = 30°C; Tc = 30°C; Te = 10°C 
Adsorbing Desorbing Adsorbing Desorbing 
wini = 0.125 kg/kg wini = 0.205 kg/kg wini = 0.52 kg/kg wini = 0.63 kg/kg 





probably assumed that error by extrapolation would be within acceptable limits.  Note 
that relative error does not depend on the working pair; it only depends on the initial and 
final adsorbate contents.  Any combination of working pair and driving temperature that 
yields the same equilibrium values will result in the same LDF errors.  Thus, 
extrapolating the Dubinin-Radushkevich equation to 95°C does not affect the validity of 
the present analysis.  Similarly, the empirical LDF approximation obtained by El-
Sharkawy et al. for ACF (A-20)-ethanol, F0 = 11, was based on thermogravimetric data 
acquired between 27 and 60°C, but it was extrapolated to 95°C by Saha et al. [149, 163].  
Thus, the extrapolation of the equilibrium equation to the higher desorption temperatures 
used here is well justified. 
 In Figs (3.6 a,b) and (3.7 a,b), the absolute magnitude of the relative error is a 
strong function of the dimensionless cycle time.  In all cases, the relative error is initially 
zero, or approximately zero, since eighty terms were used to evaluate Eqs (3.31, 32), 
because the exact solution and both LDF solutions have the same initial conditions.  As 
the dimensionless time increases, the absolute magnitude of the relative error increases to 
a maximum value.  In Fig (3.6a), the absolute extrema for the conventional LDF are 17 
percent and -32 percent for the desorbing and adsorbing cases, respectively.  The 
negative sign indicates that the LDF approximation under-predicts the exact solution.  In 
this same figure, the absolute extrema for the empirical LDF are 11 percent and -27 
percent for the desorbing and adsorbing cases, respectively.  In Fig (3.6b), the absolute 
extrema for the conventional LDF desorbing, conventional LDF adsorbing, empirical 
LDF desorbing and empirical LDF adsorbing are 2.9, -3.2, 2.1, and -2.4 percent, 




different desorption temperatures for these two cases, as discussed below.  It should be 
noted that because the error is normalized by the instantaneous FD content, the time 
when these extrema occur is not the same as the time of maximum difference predicted 
by Eqs (3.35, 36). 
 At times larger than those at the absolute extrema in Figs (3.6 a,b), the error 
functions decrease to zero where the LDF prediction intersects the exact solution.  The 
locations of these zeros are independent of the operating conditions.  The reason for this 
can be shown by solving Eqs (3.31 or 32) and Eq (3.34) for the dimensionless adsorbate 
content, w* = | w - w∞|/|w∞-wini|, and subtracting one from the other.  The resulting 
difference is a function only of   and F0.  The roots for the conventional LDF and 
empirical LDF occur at dimensionless times of approximately 0.16 and 0.06, 
respectively.  (These dimensionless times correspond to any of an infinite number of 
combinations of adsorbate diffusivity, adsorbent particle/fiber radius, and time.)  At times 
subsequent to the occurrence of the roots, the magnitudes of the errors in both LDF 
predictions again increase to local maximum values.  With the conventional LDF 
equation, the magnitude of the post-root error during adsorption and desorption is 
confined to less than 2.9 percent and 9.9 percent, respectively, for the 95°C source 
temperature, and to 0.22 percent and 0.63 percent, respectively, for the 60°C source 
temperature.  For the empirical LDF, the post-root relative errors are 11 percent during 
adsorption and 26 percent during desorption for the 95°C driving temperature, while they 





 For silica gel-water (spherical case, Figs 3.7 a,b), the absolute extrema for the 
95°C desorbing, 95°C adsorbing, 60°C desorbing and 60°C adsorbing cases are 22, -43, 
7.6, and -9.0 percent, respectively.  The relative error trends after these extrema resemble 
those described for Figs (3.6 a,b). 
 The primary implication from the above results is that regions where extreme 
errors occur for cylinders and spheres are indeed within range of realistic half-cycle times 
for adsorption chillers using ACF-ethanol and silica gel-water working pairs.  For 
example, a typical adsorption cycle might have a half-cycle time of 300 to 900 s.  If the 
working pair is ACF (A-20)-ethanol with a diffusivity of 6.6×10-15 m2/s and a fiber radius 
of 6.5×10-6 m [149], the corresponding dimensionless half-cycle times would be 0.05 to 
0.14.  Similarly for silica gel-water with a diffusivity of 1.5×10-11 m2/s and particle radius 
of 7.1×10-4 m [22], the dimensionless half-cycle times would be 0.009 to 0.03. 
 From Table 3.2, the differences in the initial and equilibrium adsorbate contents 
for the 95°C cases are greater than those for the 60°C cases.  The greater difference 
results in a greater rate of change of average adsorbate content, especially at low 
dimensionless time.  Comparison of Fig (3.6a) with (3.6b) and Fig (3.7a) with (3.7b) 
reveals that when all other conditions are fixed, the maximum magnitude of error 
increases with increasing source temperature.  To confirm this result over a range of 
desorption temperatures, Figs (3.8 a,b) show the relative errors as a function of 





In both of these plots, the coupling fluid temperature for adsorption, and the condenser 





Fig 3.8: LDF error versus source temperature for a) ACF-ethanol (F0 = 8) and b) 




silica gel should not be heated above 100°C [22], the domain of Fig (3.8b) has been 
limited to 95°C.  In Fig (3.8a), the adsorbing LDF error changes from approximately zero 
at 52°C to -34 percent at 110°C and 0.03 dimensionless time.  The desorbing LDF error 
increases to 20 percent at 110°C and the same dimensionless time.  In Fig (3.8b), the 
adsorbing relative LDF error changes from zero at 52°C to -18 percent at 95°C when the 
dimensionless time is fixed at 0.03.  At the same dimensionless time, the desorbing 
relative error increases to 18 percent at 95°C.  In both Figs (3.8 a,b), the relative LDF 
error changes sign at approximately 52°C, which is the sorption bed temperature at which 
the initial and equilibrium uptakes are equal for the given condenser and evaporator 
pressures.  Since an adsorption heat pump would not be operated under such conditions, 
the change in sign of the error is insignificant. 
 The increase in relative error for high source temperatures can be explained by 
noting that one of the assumptions in Glueckauf’s derivation of the LDF is that the rates 
of change of surface adsorbate content and average particle adsorbate content are 
approximately equal.  For the constant surface condition case, surface adsorbate content 
is fixed.  Therefore, the faster rate of change in the high temperature case results in 
greater error than in the low temperature case.  The especially large relative error at high 
temperatures is particularly undesirable.  When other conditions are fixed, the specific 
sorption rate is greater for high source temperatures than for low ones.  This means that 
the LDF approximation is most erroneous when the refrigerant mass flow rate is greatest.  
The relative LDF errors shown in Figs (3.8 a,b) during adsorption and desorption are less 
than 10 percent at dimensionless times of 0.03 when the desorption temperature is less 




heat pump models with low temperature lifts; however, at moderate to high temperature 
lifts, the LDF should be used with caution depending on the dimensionless cycle time of 
interest. 
 The trends exhibited by Figs (3.5-8) reveal the following: a) at low dimensionless 
times, both LDF equations underestimate adsorbate content during adsorption and 
overestimate adsorbate content during desorption, b) at high dimensionless times, both 
LDF equations overestimate adsorbate content during adsorption and underestimate 
adsorbate content during desorption, and c) the LDF error increases with desorption 
temperature.  If an adsorption chiller with a short dimensionless half-cycle time is 
modeled by the LDF equation, one should expect the amount of cooling output to be 
underestimated because the adsorbate content of the adsorbing bed will be 
underestimated.  One should also expect the amount of desorption heat input to the 
desorbing bed to be underestimated since more desorption will occur than is predicted by 
the LDF (i.e., the LDF overestimates adsorbate content).  On the other hand, if an 
adsorption chiller with a long dimensionless half-cycle time is modeled by the LDF 
equation, one should expect the amount of cooling output to be overestimated because the 
adsorbate content of the adsorbing bed will be overestimated albeit less than the 
overestimation at low dimensionless time.  Desorption heat input will be overestimated 
since the amount of desorption will be less than that predicted by the LDF.  In some 
cases, adsorption chillers have been investigated for operation with driving temperatures 
at or below 60°C.  For ACF (A-20)-ethanol or silica gel-water operating at such 
temperatures, the preceding analysis shows that the conventional LDF equation may only 




(95C), i.e., in cases that will probably find implementation more readily, the error may 
be much greater. 
 It should be noted that the geometric parameter, F0, in the conventional LDF mass 
transfer coefficient has mathematical significance.  This parameter is obtained in such a 
way that the LDF very nearly predicts the exact FD solution in adsorption heat pumps 
with longer dimensionless cycle times.  It is physically important that the LDF 
approximation approaches the FD equation because the FD equation is founded in the 
property of chemical potential [142] and therefore has thermodynamic significance.  
Although the empirical LDF shows better agreement with the FD equation at low 
dimensionless time, neither LDF equation is valid at such times.  Moreover, the relative 
error with the empirical LDF is noticeably higher than the error with the conventional 
LDF at later dimensionless times.  This occurs because the empirical LDF mass transfer 
coefficient is not derived from the FD equation.  In view of these observations, the 
conventional LDF approximation would be more universally valid. 
 The cases plotted in Figs (3.5-8) represent step-change surface conditions; the 
driving adsorbate content, w∞, is constant.  In adsorption heat pumps, sorption bed 
temperatures change continually as a result of the heat of adsorption and thermal 
coupling to the heat transfer fluid.  Thus, the adsorbate boundary condition varies with 
time in real systems; however, the constant surface condition case provides the upper 
error bound for the difference between the LDF and the FD equations.  This is 
demonstrated next. 
3.2.2 Isothermal Versus Non-Isothermal Adsorption 
 The (conventional) LDF provides a convenient method for calculating intra-




can be ascertained that the difference in uptake predicted by the different models is not 
too great.  Therefore, it would be useful to know the maximum error that will result from 
using the LDF in a heat pump model with specified dimensionless half-cycle time and 
desorption temperature, which are the two factors that affect the accuracy of the LDF.  
Here it is shown that the isothermal boundary condition used in the preceding section 
yields the maximum LDF error. 
 In his derivation, Glueckauf used Duhamel’s theorem to write the rate of change 
of average particle uptake as Eq (3.38). 
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The Ap values were defined by Eq (3.39).  Assuming the exponential part of Ap 


























     (3.40) 
The second-order and higher derivatives were truncated, and it was assumed that 
dw d  and dw d  were equal in order to yield the LDF approximation (Eq 3.2).  This 
last assumption is not valid when the average adsorbate content departs greatly from 
equilibrium.  Thus, for a given dimensionless cycle time, the LDF error increases as the 
expression, dw d dw d  , increases.  By integrating this departure expression 
between zero and  , the adsorbate content boundary condition w∞( ) that yields the 
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Rearranging Eq (3.41) yields Eq (3.42). 
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              (3.42) 
In Eq (3.42), the bounding adsorbate content, w∞( ), cannot exceed the maximum (for 
adsorption) or minimum (for desorption) value established by the equilibrium sorption 
bed temperature, wf.  Also, the initial bounding adsorbate content, w∞(0), and the initial 
average adsorbate content,  0w , are independent of the boundary condition function 
w∞( ) and are therefore the same for all cases.  This means that Eq (3.42) can be 
rewritten as Eq (3.43) where    0 0w w    is the same for all boundary conditions. 
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For adsorption heat pumps operating at cyclic steady state or other realistic conditions, α 
≤ 0 for adsorption and α ≥ 0 for desorption.  Similarly,     0w w    during 
adsorption and     0w w    during desorption.  In order to maximize the integral 
on the left hand side of Eq (3.43), the absolute difference,    w w  , must be 
maximized, which occurs when    0w w   and   fw w  .  The necessary conditions 
are only satisfied for a step change between  0w  and wf, which corresponds to the 
isothermal case.  Thus, the step function yields a greater LDF error than any other 
boundary condition for the same net change in adsorbate content between dimensionless 




a,b) yields the largest LDF errors and may therefore be used to identify operating 
conditions for which the LDF is a valid approximation. 
3.2.3 Evaluating Linear Driving Force Error 
 The previous section revealed that the LDF can yield significant error for certain 
dimensionless times and desorption temperatures.  A dimensionless driving adsorbate 
content, γ = (wini-w∞)/w∞, can be used to generalize the conditions under which 
unacceptable LDF error occurs; during adsorption, -1 ≤ γ ≤ 0, and during desorption, 
γ ≥ 0.  Substituting this dimensionless parameter into the uptake solutions for a fiber and 
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 (3.45) 
The absolute value of the errors relative to the conventional LDF for cylindrical fibers 
















By determining where these plots intersect different horizontal error planes, the regions 
yielding less than 5, 10 and 15 percent relative LDF error can be determined.  Fig (3.11a) 
correlates the dimensionless time and dimensionless driving adsorbate content that yield 





Fig 3.10: Absolute value of LDF error for spherical particles during a) adsorption 





These plots may be used to determine if the LDF is acceptable for a given dimensionless 
cycle time and driving condition.  In Fig (3.11a), the   value along the 10 percent line 





Fig 3.11: 5, 10 and 15 percent relative LDF error during adsorption and desorption 




time that yields 10 percent LDF error decreases (i.e., its range of validity increases) as the 
driving adsorbate content decreases (approaches the right side of the figure.)  In the 
desorbing region, the   value along the 10 percent line increases (decreasing the range of 
validity of the LDF approximation) as the driving adsorbate content increases. The LDF 
error is less than 10 percent for any combination of   and γ that lies above the 10 percent 
line, and likewise for the other percentages.  As the acceptable error percentage 
decreases, the acceptable   value shifts upward as expected based on the previous 
analysis.  Within the divided region, -0.43 ≤ γ ≤ 0.95 for the 10 percent error in 
Fig (3.11a), the LDF error is always less than the bounding percentage regardless of the 
  value.  As the acceptable error percentage decreases, the width of the divided region 
decreases.  This means that the driving adsorbate content must be maintained at lower 
levels to maintain low LDF error for all dimensionless times. 
 Similarly, Fig (3.11b) shows the error lines for spherical particles.  In the 
adsorbing region, (-1 ≤ γ ≤ -0.44) for the 10 percent error case, and for the desorbing 
region (γ ≥ 0.96), the LDF yields less than 10 percent error for dimensionless times and 
adsorbate contents lying above the error line.  The LDF may be used regardless of 
dimensionless time for dimensionless adsorbate contents between -0.44 and 0.96.  Similar 
trends are seen for the 5 and 15 percent errors. 
 These results for the 10 percent LDF errors are summarized as follows. 
For 10 percent or less LDF error in cylindrical particles: 
 -0.43 ≤ γ ≤ 0.95: LDF is safe for all dimensionless cycle times 
For 10 percent or less LDF error in spherical particles: 
 -0.44 ≤ γ ≤ 0.96: LDF is safe for all dimensionless cycle times 
Otherwise, the order pair (γ, θ) should lie above the 10 percent error lines 




Note that because the step change in temperature yields the greatest possible discrepancy 
between the FD and LDF, Figs (3.11 a,b) should be used to determine for certain if the 
LDF can be implemented.  Finite heat transfer rates in a sorption bed heat exchanger may 
be such that the actual equilibrium adsorbate content for a sorption bed is noticeably 
different than the one predicted by the source and sink temperatures.  Thus, the FD/LDF 
comparison should be also be made for particles that are transferring heat.  This is done 
in the next subsection for adsorbent particles in a one-dimensional adsorbent layer 
adsorbing under typical conditions. 
3.2.4 Finite Volume Method for Diffusion Equation 
 In the event that an adsorption heat pump has a dimensionless cycle time and 
dimensionless driving adsorbate content that yield an unacceptably high maximum error, 
an alternative method to the LDF is needed for calculating intra-particle mass transfer.  
Because the equilibrium adsorbate content is coupled to the various energy and mass 
balances, the forcing function for intra-particle mass transfer, w∞(t), cannot be determined 
analytically for a two-bed heat pump.  Without this forcing function, the solutions to the 
FD equation, Eq (3.1), cannot be determined analytically, so computational methods must 
be employed.  In this section, the finite volume method (FVM) is used to solve the FD 
equation.  The one-dimensional FVM discretizations for diffusion in cylindrical and 
spherical coordinates are both developed and demonstrated for the ACF-ethanol and 
silica gel-water pairs, respectively.  Both descretizations can be utilized in component- or 
system-level heat pump simulations.  The accuracy of the FVM solution is validated by 
comparing it with an analytical solution to the FD equation for an exponentially decaying 
boundary condition.  This FVM model is used to evaluate the LDF error under conditions 




the isothermal step change, particle-level study are valid.  By substituting the FVM (FD) 
and LDF mass transfer models into a sorption bed simulation, the accuracy of the LDF 
approximation can be evaluated when heat transfer occurs.  
Development of Finite Volume Method 
Cylindrical Coordinates 
 To begin the FVM formulation, Eq (3.1) is integrated over an element, P shown 
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 (3.46) 
Using the divergence theorem, Eq (3.46) is rewritten as Eq (3.47). 
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The right hand side of Eq (3.47) is rewritten as Eq (3.48) to reflect the assumption that 
diffusion is one-dimensional. 
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The time integral on the left-hand side of Eq (3.48) is readily evaluated.  Using a finite 
difference approximation with the node labels specified in Fig 3.12, the volume integral 
on the right-hand side is rewritten as shown in Eq (3.49). 
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Eq (3.49) is rewritten as Eq (3.50). 
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A weighting factor, ψ, is used to evaluate the time integral on the right-hand side of 
Eq (3.50).  The Crank-Nicholson technique (i.e., ψ = 0.5) was adopted in the present 
study. 
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After some rearranging and manipulation, Eq (3.51) becomes Eq (3.52) 
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  (3.54) 






n s   (3.55) 
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Eq (3.57) applies to interior nodes.  To close the system of equations at the center and 
surface nodes, the boundary condition Eqs (3.58, 59) are substituted into Eq (3.57), which 
yields Eqs (3.60, 61), respectively. 
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    (3.62) 
Spherical Coordinates 
 The formulation for spherical particles is similar to that for cylindrical fibers.  The 
results for the center, internal, and surface nodes are Eqs (3.63-65), respectively. 
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For both cylindrical fibers and spherical particles, Simpson’s 1/3 Rule was used to 
evaluate the integral in Eqs (3.29, 30) at the discrete nodes, P, to yield cw and sw . 
Evaluation of Finite Volume Method 
 To evaluate the accuracy of the FVM formulations and determine how many 
radial nodes should be used, the cylindrical and spherical FVM solution is compared with 
the analytical solution to the Fickian diffusion equation for a time-dependent surface 
condition.  The analytical solution is found using Duhamel’s Theorem for an exponential 
function representing the equilibrium uptake that decays from one toward zero kg/kg.  
While Eq (3.71) is a hypothetical boundary condition, it is physically consistent with a 




with a uniform initial uptake of 0.5 kg/kg.  The choice of κ is subjective, but the main 
purpose here is to check that the FVM solutions are correct. 
    expw        (3.71) 
The analytical solutions to Eqs (3.20, 25) with Eq (3.71) replacing the constant surface 
boundary conditions are Eqs (3.72, 73), respectively.  The first thirty terms were 
maintained in Eq (3.72) and the first forty terms in Eq (3.73).  The eigenvalues, λn, are 
obtained by solving the equation, J0(λn) = 0. 
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A time step of 0.5 s was utilized in the FVM solutions, which is sufficiently small to 
ensure stability for both ACF-ethanol and silica gel-water.  The node count is unchanged: 
39 intra-particle nodes in the cylinders and 49 intra-particle nodes in the sphere. 
 The surface boundary condition, analytical solution, FVM solution and LDF 
solutions are plotted in Figs (3.13 a,b) for a cylindrical fiber and spherical particle, 
respectively.  Because the initial uptake of 0.5 kg/kg is less than the initial surface uptake 
(1.0 kg/kg), the three mass transfer models initially exhibit adsorption, until the surface 
uptake decreases below the uptake value to induce desorption.  In Fig (3.13 a), the 




at 0.2 while the cylindrical LDF model has a maximum of 0.55 kg/kg at 0.030 and falls to 
0.22 kg/kg at 0.2.  In Fig (3.13 b), the analytical and FVM uptakes reach a maximum of 
0.62 kg/kg at a dimensionless time of 0.013 before decreasing to 0.12 kg/kg at 0.2.  The 
LDF model for the spherical particle, by contrast, reaches 0.59 kg/kg at a dimensionless 
time of 0.027 before decreasing to 0.12 kg/kg at 0.2.  In both Figs (3.13 a,b), the 
analytical and FVM uptake histories are nearly coincident, which indicates that the FVM 
solution performs well.  With this validation made, the FVM solution can be 






3.2.5 Adsorbent Layer Comparison of FVM and LDF 
 An in-situ comparison of the FVM and LDF models under conditions 
representative of an adsorption heat pump is presented here.  The two diffusion models 





Fig 3.13: Comparison of various diffusion models for hypothetical boundary 




this chapter.  The simulation constants shown in Table 3.1 remain unchanged except 
where they are clearly varied as part of the parametric study.  The grid spacing and time 
step values are also the same as before: 0.5 s time step, 39 intra-particle nodes for ACF, 
49 intra-particle nodes for silica gel, and 30 inter-particle nodes across the adsorbent 
layer.  Note that more nodes could be used to incrementally improve the solution 
accuracy, but in the interest of computation time and meeting the solver’s 12,000 variable 
limit, the present node spacing is chosen.  The grid sensitivity study shown in Appendix 
B shows that increasing the number of intra- or intra-particle nodes affects uptake and 
temperature predictions by 1 percent or less.  In Chapter 4, fins are used to increase the 
heat transfer rate between the adsorbent and heat transfer fluid.  In order to mimic the 
higher heat transfer rate in the one-dimensional model, the conduction length across the 
5 mm adsorbent layer is set to the characteristic length for the adsorbent sample depicted 










 In the analytical, stepwise study, it was determined that the relative error of the 
LDF approximation is greatest at low dimensionless times and decreases asymptotically 
toward zero as the dimensionless time becomes large.  Recall that dimensionless time, θ, 
is directly proportional to the dimensioned time, t.  The layer-averaged uptake histories 
predicted by the FVM and LDF models are plotted in  Fig 3.15  for ACF-ethanol and 
silica gel-water.  Like the analytical, stepwise study, this distributed-parameter adsorbent 
layer model with heat transfer reveals an increase in the discrepancy between the LDF 
and FVM (or FD) models just after the onset of adsorption.  These plots, which are 
generated using particle sizes, operating temperatures, and heat transfer parameters of 
interest in the present study, verify that even in the presence of inter-particle resistance 
and, more importantly, finite heat transfer rates between adsorbent and heat transfer fluid, 
the error resulting from use of the LDF approximation exhibits the same behavior with 





 It should be noted that the inner-most node of the adsorbent layer, which is closest 
to the heat sink, experiences the most rapid change in equilibrium uptake since it is able 





Fig 3.15: Uptake histories for a one-dimensional, distributed parameter simulation 




transfer resistance, the relative LDF errors for adsorbent nodes farther from the heat sink 
are not as great.  Therefore, the layer-average relative LDF error (i.e., ΣεLDF/Nseg) is used 
as the basis for comparison in the subsequent parameterizations. To confirm the effect 
of dimensionless time on relative LDF errors, Fig 3.16 parameterizes ACF and silica gel 
particle sizes (in Figs (3.16-3.19), the blue-squared error line represents the baseline 
case.)  Recall that dimensionless time is inversely proportional to the square of the 
average particle radius.  The 13 µm-diameter ACF and 1.42 mm-diameter silica gel 
particle sizes have been used in previous ACF-ethanol [149] and silica gel-water heat 
pumps [22] and form bases for comparison.  Per definition (3.37), LDF error is negative 
when the LDF uptake is less than the FD uptake.  Fig 3.16 exhibits two effects: 1) the 
LDF error in the larger particles is generally sustained for a longer duration of time and 





The first effect can be explained by the analytical, stepwise study.  At equal times, the 
larger particles have lower dimensionless time and hence larger LDF error.  The two 










or more; however, the errors for the smallest particles are less during most of the 
adsorption process.  The error magnitude for the 6.5 µm particle is less than 10 percent 
after 40 s of adsorption.  This suggests that it is acceptable to incorporate the LDF 
approximation into adsorption heat pump models employing 6.5 µm-diameter ACF 
fibers.  Likewise, the 0.3 mm-diameter silica gel particles have LDF error magnitude less 
than 5% after 20 s of adsorption, so the LDF approximation may be used in adsorption 
heat pump models with comparable operating temperatures and half-cycle times greater 
than 40 or 20 s.  Alternatively, heat pumps employing ACF or silica gel particles on the 
order of 13 µm or 1.42 mm, respectively, should not be modeled using the LDF unless 
the half-cycle time is longer.  The second effect in Fig 3.16, increasing error magnitude 
with particle diameter, is explained by thermal effects encapsulated by the distributed 
parameter simulation.  Smaller particles adsorb more quickly than larger ones, resulting 
in more heat generation which lowers the equilibrium uptake and lowers maximum LDF 
error magnitude since the LDF error increases with the difference between initial and 
equilibrium uptakes.  This was shown in the isothermal step change study (i.e., the 
relative LDF error increases with increasing source temperature) and is confirmed in 
Fig 3.17, which shows the effect of source temperature on the relative error histories in 





Comparing Fig 3.17 with Fig 3.8 reveals that even when the assumptions of non-
isothermal adsorption, negligible inter-particle resistance, and negligible heat transfer are 










most of the adsorption half cycle.  As in Fig 3.8, increasing source temperature widens 
the difference between the initial and equilibrium uptakes ( w w  ) and the rates of 
change in each.  This difference between rate of change of equilibrium and average 
uptakes violates one of the assumptions of the LDF discussed earlier, which explains why 
the error increases with source temperature.  Because the heat sink temperature and 
operating pressure also affect the quantity ( )w w  , Figs (3.18, 19) illustrate the effect of 
ambient temperature and evaporator saturation temperature (pressure) on relative error.  
For ambient temperatures between 30 and 40°C and evaporator temperatures between 5 
and 15°C, these variables do not affect relative LDF error as greatly as source 
temperature, yet the trends are consistent.  Increasing ambient temperature decreases the 
equilibrium uptake and lowers maximum LDF error magnitude while increasing 















 Figs (3.15-19) show that the maximum LDF error magnitude for the base case 
(~30 percent) is less than that recorded for the isothermal step change (Figs 3.6-7), which 





Fig 3.19: Relative error of the average uptake histories for different evaporator 




substantiate the error map (Fig 3.11), which should be used to determine, absolutely, 
whether the LDF approximation can be used.  The lower error in the presence of heat 
transfer is as expected since the isothermal step change yields the maximum possible 
LDF error for ads/desorption occurring between fixed source and sink temperatures.  
What remains to be seen is what effect this error has on system-level performance.  In a 
system, for example, changes in predicted uptake during adsorption lead to changes in 
evaporator pressure, which feed back to the sorption bed pressure and equilibrium uptake.  
Consequently, the ~30 percent error in the adsorbent layer model in which constant vapor 
pressure was assumed is expected to propagate to a different error amount for metrics 
such as SCP and COP.  The system-level model developed in Chapter 5 is used to 
quantify that propagated error. 
3.3 Effect of Adsorbent Particle Size 
 Intra-particle resistance was shown to be significant for both ACF-ethanol and 
silica gel-water.  In Chapters 4 and 5, it is shown that silica gel-water is the more 
desirable working pair for mobile applications, so the third and final section of this 
Chapter is devoted to optimizing its geometry.  Since it was shown that the intra-particle 
resistance is a determining resistance for the refrigerant mass transfer rate in spherical 
silica gel particles having a diameter of 1.42 mm for typical operating conditions, 
optimizing particle geometry should yield high returns in sorption bed performance.  
Recall that the intra-particle resistance is a function of effective diffusivity and particle 
radius.  To illustrate the effect of these variables, consider the rate of change of average 
uptake in a spherical particle experiencing a step-change in surface uptake, which is 
given by Eq (3.74).  At the moment diffusion begins, Eq (3.74) reveals that the rate of 




equilibrium uptake and diffusivity were not affected, reducing a particle radius by a 
factor of two would yield a four-fold increase in the intra-particle diffusion rate at t = 0 s; 
however, the increased sorption rate does affect the equilibrium uptake (non-linear 
decrease) and apparent diffusivity (non-linear increase), so some departure from this 
inverse-square model is expected. 












   (3.74) 
Altering adsorbent particle size will also affect the sorption bed permeability, given by 
Eq (3.75), which is directly proportional to the square of the particle radius.  The 
permeability, in turn, is directly proportional to the pressure drop across the adsorbent 
layer.  This inter-particle pressure drop (i.e., inter-particle resistance) yields a non-linear 
decrease in the equilibrium uptake along the adsorbent layer, which reduces the intra-

















Thus, there must exist a particle size that optimizes the sorption rate by balancing the 
conflicting influences of intra-particle and inter-particle resistance.  The one-dimensional 
adsorbent layer model used previously in this Chapter to evaluate inter-particle pressure 
drop for 1.42 mm-diameter particles is used again to determine this optimal size.  All 
other constants in Table 3.1 remain unchanged. 
3.3.1 Effect of Particle Size on Void Fraction 
 Before studying the effects of particle size on sorption rate, it is important to 
understand how the packed adsorbent will naturally arrange.  Many studies have 




fraction is the converse of the ratio of enclosed particle volume to the total volume, 
Eq (3.76). 
 void p t1 V V    (3.76) 
Utilizing an effective void fraction is computationally convenient, but it should be noted 
that void fraction is a function of position relative to the sorption bed heat exchanger 
wall.  Mueller [168-170] published a numerically-derived correlation for void fraction as 
a function of particle size, wall geometry, and position in the adsorbent layer shown in 
Eqs (3.77-81).  In these equations, D refers to the radius of curvature of the heat 
exchanger wall.  For the planar case being considered, Dhx/dp approaches infinity. 
      void bulk bulk 0 p p p1 exp , for 2.02J a r d b r d D d          (3.77) 
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Far from the heat exchanger wall, the void fraction approaches that of bulk spherical 
particles or 0.365.  At the heat exchanger wall, there is point contact between the wall 
and particles, so the void fraction approaches one.  At intermediate distances, the local 
void fraction is disturbed by irregular packing.  For the 1.42 mm particle, which 
corresponds to the baseline size used by Chua et al. [22], the disturbance in void fraction 
is apparent 5 mm from the wall surface; in general, the disturbances are not detectable 10 
diameters or more from the wall. 
 Fig 3.20 shows that the void fraction varies significantly along the adsorbent layer 
and is a function of particle size.  It would seem that changes in local void fraction would 
drastically affect the sorption bed heat exchanger model.  Fortunately, the layer-averaged 
void fraction needed for the distributed parameter simulation does not vary much with 
particle size.  Fig 3.21 shows the relationship between average void fraction and particle 
size for two adsorbent layer thicknesses, tads. 
 





Fig 3.21 shows that the adsorbent layer thickness negligibly affects the average void 
fraction over the range of interest, and that the particle radius has only a slight impact.  
Because the permeability is a function of the square of the void fraction, the small 
changes in average void fraction are plotted in the present particle size parametric study; 
however, Fig 3.21 validates the use of an average void fraction of about 0.37 for the 
purpose of determining the adsorbent mass contained on a given tube. 
3.3.2 Effect of Particle Size on Uptake and Pressure Drop 
 The results of the present particle size optimization are used as inputs for 
component- and system-level models in Chapters 4 and 5.  In the adsorbent layer model 
used earlier to evaluate inter-particle resistance, a 20 mm layer was utilized; however, in 
Chapter 4, it is shown that a thinner layer of 3 mm is needed to obtain adequate heat 
transfer rates, so the 3 mm layer thickness is used for the pressure drop calculation.  To 
simulate the heat transfer enhancement due to annular fins, which is introduced in 
 
Fig 3.21: Layer-averaged void fraction versus spherical particle diameter for 5 mm-




Chapter 4, a characteristic conduction length of 0.7 mm is utilized to calculate the heat 
conduction rate.  This characteristic conduction length (Eq 3.82) corresponds to that for 
adsorbent between two adjacent annular fins on a 2.1-mm outer diameter tube with a 
3 mm fin pitch, and a 0.3607 mm fin thickness. 
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The volume-average uptake histories are shown for various particle sizes in Fig 3.22.  
The base case, dp = 1.42 mm, has an initial uptake of 0.0391 kg/kg and a final uptake of 
0.0885 kg/kg.  As the particle size decreases for the particle size range shown, the intra-
particle resistance decreases more than the inter-particle resistance increases; 




Fig 3.22: Volume-average water uptake histories during adsorption for a silica gel 




 The pressure drop across a 3 mm layer of silica gel adsorbent particles, or the 
pressure difference between the innermost and outermost adsorbent segments, is shown 
in Fig 3.23 as a function of time and particle radius.  For each particle size, the pressure 
difference across the layer spikes initially and then asymptotically returns to zero.  As the 
particle size decreases, the layer permeability also decreases, causing the magnitude of 
the pressure gradient to increase.  For 0.3-mm diameter particles, the pressure drop across 
the adsorbent layer reaches a maximum of 170 Pa after 3 s of adsorption, which is less 
than 20 percent of the free vapor pressure, and then decreases to less than 60 Pa after the 
first 10 s of adsorption. 
 
 The pressure drop across the adsorbent layer decreases the sorption rate by 
decreasing the equilibrium uptake during adsorption and increasing it during desorption.  
Fig 3.24 shows the time for the adsorbing 3 mm layer to achieve 50 percent of the 
equilibrium uptake during adsorption for various particle sizes.  As the particle diameter 
 
Fig 3.23: Pressure difference between innermost and outermost adsorbent segments 




decreases from 1.42 mm to 0.2 mm, the 50 percent uptake time decreases from 1190 s to 
79 s (93 percent reduction) since the intra-particle sorption rate decreases with decreasing 
particle radius (this can be shown by differentiating Eq 3.32 for the isothermal step 
change case).  As the particle size decreases below 0.2 mm, the effect of inter-particle 
pressure drop increases significantly enough that the time for 50 percent of the uptake to 
be acheived increases to 740 s for the 0.025 mm particle size.  Thus, there is a particle 
size for the given layer thickness and operating conditions where the reduction in intra-
particle resistance balances the increase in inter-particle resistance, which results in an 
optimal particle size. 
 
Although the 1.42 mm silica gel particle size may be appropriate for the 40-mm diameter 
adsorbent tubes studied by Chua et al. [22], it is far from optimal for the 3 mm-thick 
adsorbent layer under consideration.  The 93 percent reduction in 50 percent adsorption 
 
Fig 3.24: Time to achieve a volume average uptake of 50 percent of the final 





time for using a 0.2 mm particle corresponds to an increase in specific cooling power and 
illustrates the importance of using the proper adsorbent particle size.  This point is 
emphasized by the 50 percent time for the 20 mm layer also shown in Fig 3.24, for which 
the optimal particle diameter is 0.4 mm.  Note that a 3.25 mm characteristic conduction 
length is used for the 20 mm layer, which corresponds to that for adsorbent between two 
successive annular fins on a 10-mm diameter tube with 10 mm fin pitch and 20 mm fin 
height. 
 In the 3 mm thick adsorbent layer, to accommodate the likely event of lower 
ambient temperature, which would increase the sorption rate, the particle diameter of 
0.3 mm is selected for further investigation.  Although the 0.3 mm particle in Fig 3.24 
requires 103 s to achieve 50 percent of the uptake instead of 79 s for the 0.2 mm particle, 
it still yields a 91 percent reduction in the adsorption time compared to the the 1.42 mm 
particle.  Moreover, the slightly larger-than-optimal particle diameter provides a small 
factor of safety to account for uncertainty and non-uniformity in particle size and also 
ensures that the sorption bed continues operating properly in the event that some of the 
adsorbent particles are pulverized during vibrations onboard a vehicle.  The larger 
particle ensures this because, as Eq (3.15) shows, permeability decreases with the square 
of particle diameter.  The 0.3 mm adsorbent particle is large enough that it could be 
positioned between the heat exchanger fins using a mesh; much smaller particles may 
require a binder to keep them in place. 
3.3.3 Inter-Particle Resistance in Optimized Silica Gel Layer 
 Calculating pressure drop using the Darcy law (Eq 3.14) adds significantly to the 
modeling computation time, so for component- and system-level models, it would be 




volume-averaged uptake histories for 0.3 mm-diameter silica gel spheres are plotted in 
Fig 3.25 for a 3-mm thick layer and an idealized layer for which inter-particle resistance 
is neglected. 
 
 Because the uptake histories are nearly coincident in Fig 3.25 for 0.3 mm-
diameter silica gel, differing by less than 2 percent, it is safe to neglect inter-particle 
resistance in component- and system-level simulations in which 0.3 mm-diameter silica 
gel is used. 
3.4 Remarks on Refrigerant Mass Transfer 
 Intra-particle diffusion resistance has been shown to be significant in sorption bed 
mass transfer under conditions representative of ACF-ethanol and silica gel-water 
adsorption heat pumps.  The LDF approximation is a computationally convenient method 
for modeling intra-particle diffusion in component- and system-level models.  
Comparison with the more exact Fickian diffusion equation for both cylindrical and 
 





spherical adsorbents has shown that the LDF can result in considerable error if used to 
model adsorption heat pumps with short dimensionless half-cycle times (i.e., when 
adsorbate diffusivity is very low, adsorbent particle/fiber size is large or the actual half-
cycle time is short).  High source temperature and driving temperature lift were also 
shown to increase the LDF error magnitude.  It was established that LDF error magnitude 
is greatest when the change in surface uptake is instantaneous, as with an isothermal step 
change in adsorbent temperature.  Although this isothermal step change is an idealization 
of heat transfer fluid switching in an adsorption heat pump, it was used here to provide a 
bounding error.  A set of error maps were developed using this bounding error for 5, 10 
and 15 percent error cases to relate those errors to dimensionless time and dimensionless 
adsorbate content.  These maps should assist the adsorption heat pump modeler in 
determining whether the LDF approximates intra-particle diffusion well for given 
operating conditions. 
 The influences of dimensionless cycle time and source temperature on LDF error 
were validated for non-isothermal adsorption using a one-dimensional simulation that 
incorporated inter-particle resistance and heat generation/transfer.  As expected, the 
maximum magnitude of the LDF errors, while significant, were less than for the 
isothermal step change case as a result of the finite heat transfer rate between the 
adsorbent and heat sink, which yielded a reduction in the average dimensionless 
adsorbate content.  The one-dimensional simulation showed that the maximum LDF error 
magnitude increased with particle radius and source temperature as suggested by the 
isothermal step change.  It was shown that for ACF and silica gel with 7 µm and 0.3 mm 




100 to 200 s of adsorption.  Such errors are assumed to be sufficiently small that the LDF 
can be safely applied in component- and system-level models under such conditions; 
however, if 20 µm or 1.42 mm particles are used, the error in uptake can be greater than 
10 to 15 percent even after 500 s of adsorption.  It is not yet clear how 15 percent error in 
predicted uptake will affect system-level metrics.  In Chapter 5, by formulating a 
simulation for a two-bed, non-regenerative adsorption chiller in Chapter 5, the LDF error 
is also studied at the system level.  Error in the uptake prediction arising from use of the 
LDF approximation is expected to propagate through the simulation to affect SCP and 
COP in a non-linear manner. 
 In the final part of this Chapter, the one-dimensional adsorbent layer model was 
used to determine the optimal particle geometry for three and 20 mm silica gel layers 
adsorbing water under typical heat pump conditions.  By reducing the silica gel diameter 
from the previously reported 1.42 mm [22] to 0.3 mm for the three mm layer, the time to 
adsorb a given mass of water is reduced by 91 percent.  Note that optimal particle size is 
a function of the working pair, operating conditions and packed bed geometry, and is 
therefore not universal.  For instance, a thick adsorbent layer will mandate a slightly 




CHAPTER 4  
SORPTION BED HEAT/MASS EXCHANGER DESIGN 
 
 The sorption bed heat exchanger should be designed in such a way that heat can 
be quickly supplied to the adsorbent for desorption and quickly removed during 
adsorption.  Packed sorption bed heat exchangers in which adsorbent particles or fibers 
fill the voids between heat exchange surfaces are commonly used.  Packed adsorbent has 
good permeability and mass transfer characteristics, but it suffers from poor contact of 
the particles with the heat exchanger as well as low effective thermal conductivity, which 
result in high thermal contact resistance between the packed particle and heat exchanger 
surface as well as high effective conduction resistance within the packing.  Previous 
investigations have sought to improve sorption bed heat transfer by consolidating, or 
compressing, adsorbent to high density in order to improve its conductive properties and 
increase wall contact surface area; however, Restuccia et al. [55] showed that 
significantly decreasing permeability of the adsorbent layer, as would occur during 
consolidation, hinders mass transfer and diminishes performance  Other heat transfer 
enhancement techniques besides consolidation include suspending adsorbent particles in 
a binder to decrease the adsorbent-tube contact heat transfer coefficient (CHTC) and 
inter-particle conductive resistance.  Similarly, some investigators have proposed the 
synthesis of thin, micrometer-scale adsorbent layers on sorption bed heat exchange 
surfaces; these layers have such a short characteristic conduction length that heat transfer 
resistance is negligible.  While the bound and synthesized methods of applying adsorbent 




material that can noticeably decrease SCP and energy efficiency during thermal 
switching if used in significant quantity, and synthesized layers suffer from a large void 
fraction that increases the time required to pressurize the sorption bed.  Given the 
nascence and uncertainty of the bound and synthesized adsorbent configurations, the 
present study addresses unmodified, packed adsorbent exclusively.  Packed beds are 
simple, inexpensive and utilize readily available materials.  By studying them, this 
analysis will provide a baseline for sorption bed performance. 
 The first sections of this Chapter are devoted to designing a packed bed heat 
exchanger with high thermal conductance that will also yield high COP.  In this design, a 
thermal resistance network model is used to determine the sorption bed thermal 
conductance (i.e., UAoverall) and metal/adsorbent mass ratio.  These two-parameters are 
needed for the lumped system-level modeling described in Chapter 5.  To improve heat 
transfer performance using packed adsorbent particles, an annular-finned sorption bed 
heat exchanger will be used.  It is shown that heat pump performance is sensitive to fin 
geometry because, unlike steady-state heat pumps in which heat exchanger mass is only a 
concern pertaining to cost and mobility, the COP of cyclical adsorption modules are 
strongly affected by metal-adsorbent mass ratio as a result of thermal cycling.  An 
optimal design should balance the increased heat transfer area of larger heat exchangers 
against the larger heat input and time requirements, which yield poorer COP.  The target 
cooling power for the heat pump under consideration is 1.3 kW.  The sorption bed 
described in this Chapter can be scaled to reach that or any other cooling requirement. 
 In the second part of this Chapter, a detailed, distributed-parameter sorption bed 




finned tubing, and adsorbent.  This simulation couples heat transfer with intra-particle 
mass transfer and is used to show that the temperature gradients of adsorbent segments 
between fins are significant and that average adsorbent segment temperature varies along 
the length of the annular-finned tube.  The refrigerant mass flow rate and heat transfer 
fluid outlet temperature of the distributed-parameter sorption bed model are compared 
with those of a lumped-parameter version utilizing the same inputs.  The purpose of this 
comparison is to determine if the lumped-parameter sorption bed simulation can be used 
for system-level studies in Chapter 5. 
4.1 Sorption Bed Thermal Resistance Model 
 A thermal resistance model and geometry are used to determine two of the most 
important parameters needed for the sorption bed system model: sorption bed thermal 
conductance, UAoverall, and metal/adsorbent mass ratio, β = mtube/mads.  High sorption bed 
conductance denotes good thermal coupling between the heat transfer fluid and 
adsorbent.  Good thermal coupling is desirable because it allows heat to be quickly 
supplied to or removed from the adsorbent, which means the adsorbent temperature can 
be rapidly changed.  Rapid change in adsorbent temperature yields greater difference 
between initial and equilibrium uptakes, which increases the sorption rate and cooling 
power of the adsorption chiller.  One way to effect high conductance is to use a large 
number of extended surfaces such as fins, pins, steel wool or metal foam [116] in order to 
increase the heat exchange surface area.  Extending the heat exchanger surface is 
essential in steady-state heat pumping devices in which the heat exchanger is not cycled 
between high and low temperatures, but in adsorption devices, such surfaces must be 
used judiciously.  Because adsorption heat pumps are batch-wise machines, the inert 




adsorbent and adsorbate.  In the process, sensible thermal energy used to heat the inert 
metal heat exchanger during the desorption stage is expelled to the environment as the 
bed is cooled during the subsequent adsorption stage.  Thus, the extended surfaces utilize 
heat that would otherwise regenerate the refrigerant supply and produce cooling.  
Although the extended surfaces increase the heat transfer rate, sorption rate and cooling 
power, they decrease the amount of refrigerant that is generated per unit of heat input.  In 
other words, extended surfaces decrease the heat pump COP. 
 This section investigates the annular fin tube geometry shown in Fig 4.1.  The 
finned tube can be integrated in parallel or serpentine fashion to form a sorption bed 
module that meets liquid-side pressure drop and outlet temperature requirements, and, 
when used with conventional tube sizes, yields a simple, robust design.  In the annular-
finned tube, packed activated carbon fiber or silica gel adsorbent occupies the interstices 
between fins.  The fin height and pitch are parameterized here to determine an extended 
surface configuration that yields the best performance by balancing UAoverall and β for the 
silica gel-water and ACF-ethanol heat pump models. 
 





The constants used in the present sorption bed design are shown in Table 4.1.  Aluminum 
is used for both the silica gel-water and ACF-ethanol sorption beds [74].  Although 
impurities in activated carbon are known to corrode aluminum, aluminum and activated 
carbon fiber have been shown to be compatible [171].  It is desirable to use aluminum 
instead of stainless steel for reasons related to cost and heat exchanger mass. 
 
 Before proceeding to sorption bed fin geometry and heat transfer calculations, it is 
advisable to estimate the adsorbent mass needed for the present mobile application.  
Recall that the objective is to produce 1.3 kW of cooling at an average delivered air 
temperature of approximately 5°C utilizing 90°C source heat and 35°C ambient.  The 
condenser and evaporator isobars for ACF-ethanol and silica gel-water are plotted in 
Fig 4.2.  These isobars are used to determine the equilibrium uptakes for each working 
pair at the source and ambient temperatures and to approximate the maximum possible 
refrigerant throughput for the system.  Note that the equilibrium uptakes are approximate, 
Table 4.1: Base parameters for annular fin parametric study 
Heat Exchanger ACF Silica Gel 
Tube: 0.083” (2.1 mm) OD with 
0.008” wall cads = 0.941 kJ/kg-K cads = 0.924 kJ/kg-K 
Fin: 27 gage (0.0142” thickness) rp =  6.5×10-6 m rp = 0.3 mm 
ACF [55, 63]: hw,ads = 25 W/m2-K keff =  0.0893 W/m-K keff = 0.198 W/m-K 
Fine Silica Gel [55]:  hw,ads = 45 
W/m2-K ΔHads see [149] ΔHads = 2693 kJ/kg 
des 0.2m  kg/s, ads 0.3m  kg/s εmicro = 0.85 εmicro = 0.49 
Tads,in = 35°C ; T1 = 37°C εvoid = 0.9 εvoid = 0.37 





not exact, because the condenser and evaporator pressures in a non-ideal system change 
during the desorption and adsorption processes; if the evaporator temperature (pressure) 






Fig 4.2: Equilibrium uptake versus sorption bed temperature for different high-side 





Fig 4.2 shows that the change between fully desorbed (0.21 kg/kg) equilibrium uptake 
and fully adsorbed (0.47 kg/kg) equilibrium uptake yields a refrigerant throughput of 
0.26 kg of ethanol per half-cycle per kilogram adsorbent.  Based on system-level 
calculations, the half-cycle time will be approximately 1000 s, and the latent heat of 
vaporization for ethanol at 5°C is 940 kJ/kg.  Thus, 5.3 kg of ACF are needed in each 
sorption bed to achieve the target 1.3 kW of cooling.  Similarly, the silica gel-water plot 
in Fig 4.2 shows that 0.067 kg/kg of water throughput can be achieved for the silica gel 
system.  Consequently, 7.8 kg of silica gel are needed for each sorption bed to attain 
1.3 kW cooling at a half-cycle time of 1000 s with a latent heat of vaporization of 
2490 kJ/kg for water at 5°C.  As a consequence of heat and mass transfer resistances in 
the heat pump, the actual refrigerant throughput is expected to be lower than the stated 
equilibrium values.  An adsorbent mass of 10 kg per bed is therefore used for both the 
ACF-ethanol and silica gel-water sorption beds.  This mass can be scaled based on the 
results of the system-level modeling to yield the desirable cooling power. 
 Returning to the sorption bed geometry, the following limits are imposed so that 
specific tube count, volumetric conductance, metal-adsorbent mass ratio, or COP may be 
determined for various parameters: 
 The sorption bed tube length is varied for each combination of fin height and 
pitch such that the total amount of adsorbent remains constant at 10 kg. 
 Tube lengths greater than 500 mm are divided into a number of parallel 500 mm 
segments so that the largest heat exchanger dimension remains reasonably small. 
 The total heat transfer fluid flow rates (i.e. total for all parallel tubes) are 0.2 kg/s 
during heating and cooling. 
 
Fig 4.3 shows the number of tube lengths required per kilogram adsorbent as a function 




are used, the number of required tubes is primarily a function of fin height in the domain 
plotted.  It increases to more than 3700 and more than 450 tubes per kilogram adsorbent 
for ACF and silica gel, respectively, as the fin pitch and height approach 1 mm.  The 
ACF has a much lower apparent density than silica gel, so more tubing is required to 











To determine UAoverall, an effective surface area is calculated using Eqs (4.1-4) [172]. 
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The effective surface area was used to calculate UAoverall (Eqs 4.5-8). 
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As the fin height and pitch vary, the number of 500 mm tubes required to support 10 kg 
of adsorbent changes.  Consequently, the heat transfer fluid velocity in a single tube also 
changes since the flow rate for the tube bundle is kept constant.  The Churchill relation 
([172] reporting on [173, 174]) (Eqs 4.9,10) is used to calculate the tube-side heat 
transfer coefficient throughout the laminar, transition and turbulent regions. 
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Heat transfer fluid properties were determined using a film temperature, Tfilm = (Tdes,in + 
Tbed)/2, although this film temperature had less than a 1.25% effect on UAoverall over when 
varied between 35 and 90°C because the adsorbent thermal contact and conductive 
resistances tend to obscure the convective resistance. 
 The stagnant bed conductivity, kads, and the convective contribution to 
conductivity, kconv = 0.12RePr, sum to form the effective conductivity of the packed bed 
([175] reported in [176]). 
 eff ads convk k k   (4.11) 
The convective contribution to effective conductivity (Eq 4.11) is neglected for both 
working pairs in the present study as a conservative measure.  Critoph and Turner [111] 
found that the effective conductivity of a packed bed remains fairly constant throughout 
most of the adsorption process, so this is deemed a reasonable assumption. 
 The tube-side convection, tube-side conduction, contact and adsorbent conduction 
heat transfer resistances are shown in Fig 4.4 for ACF-ethanol and silica gel-water.  In 
these plots, the fin pitch and height are equal.  The total thermal resistance increases with 
fin pitch (and height) because the conductive path length increases.  Figure 4.4 shows that 
poor adsorbent-tube contact and conduction through the adsorbent constitute the major 





Regarding the CHTC, it should be noted that a conservative value (25 W∙m-2∙K-1) has 
been used for ACF, which was obtained by averaging the lowest values reported by 





Fig 4.4: Contributions to heat transfer resistance [1/(UAoverall)] as a function of fin 




diameter) has a slightly higher CHTC of 45 W∙m-2∙K-1 [55].  To examine the influence of 
this parameter in detail, the overall thermal resistance is plotted in Fig 4.5 for CHTCs 
between 25 (45 for silica gel) and 180  W∙m-2∙K-1 for a 2.1 mm-diameter tube with 3 mm 
fin height and 3 mm fin pitch. 
 
The ACF resistance decreases from 4.6×10-4 K/W to 1.6×10-4 K/W over the domain of 
CHTCs while the silica gel resistance decreases from 2.1×10-3 to 9.3×10-4 K/W.  
Although it is generally inadvisable to compact adsorbent to manipulate effective 
conductivity, as a mater of interest, the impact of enhanced effective conductivity on 
volumetric conductance is plotted in Fig 4.6 for a range of contact coefficients.  In this 
work, a new quantity, the volumetric conductance, is defined as X = UAoverall/Vencl where 
Vencl is the enclosed volume Do,fin2Ltube, and Ltube is the sum of the 500 mm tube lengths.  
Volumetric conductance is a measure of the compactness of the heat exchanger for a 
given UAoverall or, alternatively, of the heat transfer performance for a given heat 
 
Fig 4.5: Overall thermal resistance versus contact heat transfer coefficient for ACF-
ethanol and silica gel-water for a 2.1 mm-diameter tube with a fin height and 




exchanger volume.  The fin height and pitch in this figure are both 3 mm.  The 
volumetric conductance is independent of the apparent adsorbent density, so Fig 4.6 is 
the same for ACF and silica gel for the given tube geometry.  The volumetric 
conductance increases from 1000 W/(K-m3) at an adsorbent-to-tube contact heat transfer 
coefficient and effective adsorbent conductivity of 25 W/(m2-K) and 0.01 W/(m-K) to 
nearly 140 kW/(K-m3) at a CHTC of 1000 W/(m2-K) and 5 W/(m-K) adsorbent 
conductivity. 
 
From Fig 4.6, it is apparent that an effective conductivity of at least 0.5 W/(m-K) and 
CHTC approaching or exceeding 400 W/(m2-K) are desired.  At the same time, beyond 
approximately 2 W/(m-K), conductivity enhancement does not yield significant benefits, 
regardless of the CHTC.  Instead, Fig 4.6 suggests that design efforts should focus on 
increasing contact coefficient (i.e., reducing contact resistance); doing so can improve 
 





volumetric conductance by a factor of four over the un-modified adsorbent with a 
45 W/(m2-K) contact coefficient, and fortunately, contact coefficients of 180 and 800 
W∙m-2∙K-1 have been reported for sorption beds utilizing binders [55, 56].  While future 
work should certainly investigate the effects of such materials, they are not incorporated 
into the present study in which the intention is to determine if a packed, annular-finned 
tube sorption bed yields adequate performance to be used in a mobile adsorption heat 
pump.  
 Fig 4.7 shows the variation of volumetric conductance with fin geometry.  The 
volumetric conductance increases as the fin height and pitch decrease to shorten the 





Fig 4.7 illustrates that the greatest benefit of fins occurs when the fin height and pitch are 
less than about 5 mm; fins still increase heat transfer surface area for larger height and 
spacing, but they do not help decrease the volume of the heat exchanger, for fixed 
conductance, unless they are closely spaced. 
 The tube metal/adsorbent mass ratio, β, was calculated using Eq (4.12), where 
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 (4.12) 
The metal/adsorbent mass ratios for ACF-ethanol and silica gel-water are plotted in 
Fig 4.8.  The heat exchanger shell mass is separate from the metal/adsorbent mass ratio, 
but it is included in the COP calculation that follows.  Including the sensible heating of 
the shell in the COP calculation will lead to somewhat conservative results for 
performance as the shell does not heat/cool as rapidly as the rest of the sorption bed.  The 
shell is specified to be a rectangular parallelepiped with 6.35-mm thick aluminum walls.  
The inner volume of the shell equal to the minimum enclosing volume of the 500-mm 
long tubes arranged in parallel with an equal number of tube rows and columns (e.g., 






Fig 4.8 suggests that there is a significant increase in metal/adsorbent mass ratio for fin 
heights and pitches less than about 20 mm.  For ACF, β increases from 0.6 for a fin pitch 
and height of 20 mm to 24 for a pitch and height of 5 mm.  For silica gel, β increases 









Increased metal-adsorbent mass ratio negatively affects efficiency by requiring more heat 
input for the sorption bed to achieve a desired desorption temperature.  Thus, decreasing 
fin pitch and fin height improves volumetric conductance while at the same time 
decreasing COP by necessitating more heat input for a given amount of desorption. 
 To determine the effects of fin height, fin pitch and metal-adsorbent mass ratio on 
COP, a thermodynamic analysis is used.  This thermodynamic analysis utilizes nominal 
temperature conditions (Tdes,in = 90°C, Tads,in = Tcond,in = 35°C, Te = 5°C) that would be 
typical for a mobile adsorption heat pump driven by engine coolant [52, 53].  Note that 
the specified temperatures are more demanding than those utilized in the cited 
experimental investigations (Table 4.2.) 
 
 
A final approach temperature of 2°C is used for the adsorber, condenser and desorber, so 
the minimum and maximum sorption bed temperatures are 37 and 88°C.  The integrated 
heat input (energy input) is tracked for the isosteric heating and desorption phases of the 
adsorption cycle.  These phases are shown in Fig 4.9 where the process lines are defined 
as follows: 
1-2: Isosteric heating (heat input for bed pressurization) 
2-3: Isobaric desorption (heat input to supply refrigerant to condenser) 
3-4: Isosteric cooling (bed depressurization) 
4-1: Isobaric adsorption (refrigerant from evaporator) 
Table 4.2: Comparison of engine coolant waste heat operating temperatures 
Present Study Thtf,des,in = 90°C Thtf,c,in = Thtf,ads,in = 
35°C 
Thtf,e,in = 35°C 
Tamainot-Telto et 
al. [53] 
Thtf,des,in = 80-90°C Thtf,c,in =Thtf,ads,in = 
32°C 
Thtf,e,in = 20°C 
Vasta et al. [52] Thtf,des,in = 90°C Thtf,c,in =Thtf,ads,in = 
33°C 






The energy added to the sorption bed to heat the adsorbent, adsorbed phase and heat 
exchanger during isosteric heating process 1-2 is found using Eq (4.13). 





Fig 4.9: Clausius-Clapeyron diagrams for ACF-ethanol (equilibrium constants from 




Desorption energy QDES during process 2-3 is used to sensibly heat the heat exchanger, 
adsorbent and adsorbate as well as for the isosteric heat of desorption as reflected in Eq 
(4.14). 
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  (4.14) 
The integrands in Eq (4.14) were evaluated using Simpson’s Rule with twenty integrating 
segments.  The COP for the cycle was calculated by assuming that the refrigerant exits 
the condenser as saturated liquid and exits the evaporator as saturated vapor. 
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  (4.15) 
The COP surfaces for ACF and silica gel are plotted in Fig 4.10.  Note that the 





It should be observed that the COP values in Fig 4.10 assume constant condenser and 
evaporator temperatures; an adsorption heat pump with a minimum evaporator 
temperature of 5°C over the course of its cycle will likely have a higher COP than what is 
plotted in these figures because the adsorption pressure will be higher than the 5°C 









height and pitch increase the metal-adsorbent mass ratio, the COP of the system 
decreases.  The effect is most apparent for dimensions less than approximately 20 mm.  
For ACF, the COP decreases from 0.46 for a fin pitch and height of 20 mm to 0.11 for a 
fin pitch and height of 1 mm, or more than 75%.  For silica gel, the COP decreases from 
0.51 for a fin pitch and height of 20 mm to 0.30 for a fin pitch and height of 1 mm, or 
more than 40%.  The COP for silica gel is less sensitive to fin geometry than the ACF 
case because the metal mass ratio is generally small as a result of the higher apparent 
adsorbent density. 
 The last parameter to be illustrated in this section is tube diameter.  The impact of 
tube diameter on metal-adsorbent mass ratio, volumetric conductance, and COP is shown 
in Figs (4.11 a-c) for ACF-ethanol and Figs (4.12 a-c) for silica gel-water.  The fin pitch 
and height have been specified as equal, as in Fig 4.4, and the tube wall thickness is 
maintained at a constant ratio of 0.0864 to the tube OD.  For ACF-ethanol tubes with 
7 mm fin pitch (and height), the 2-mm diameter tubing has a specific tube count of 
141 kg-1 compared with 125 kg-1 for 1-mm diameter tubing.  For silica gel-ethanol tubes 
with 3 mm fin pitch (and height), the 2-mm diameter tubing has a specific tube count of 
74 kg-1 compared with 92 kg-1 for the 1 mm-diameter tubing with the same pitch.  The 
increase in volumetric conductance with decreasing tube diameter for low fin pitch (and 
height) can be explained by the higher heat transfer fluid heat transfer coefficient (i.e. 
lower convective resistance) for smaller tubes.  When the fin pitch (and height) is greater 
than about 10 mm, the adsorbent-side conduction resistance dominates such that 
changing tube diameter has a negligible effect on volumetric conductance.  Note that the 




small fin dimensions.  These plots suggest that mini-channels should be used for sorption 











Fig 4.11: a) Metal-adsorbent mass ratio, b) volumetric conductance versus fin pitch 

















Fig 4.12: a) Metal-adsorbent mass ratio, b) volumetric conductance versus fin pitch 







 For heat pumps driven by high-grade heat sources, such as a fuel-fired heater, 
high COP may be more critical than high cooling power.  In such a case, the annular fin 
sorption bed heat exchanger should be designed to minimize heat exchanger mass at the 
expense of UAoverall by incorporating taller, more diffuse fins.  In automotive waste-heat 
applications, there is a minimum allowable COP needed to provide enough air 
conditioning to the cabin during pull down at startup and idle.  Zhang et al. [5] suggested 
that a viable mobile heat pump should convert 25 percent of the available waste heat to 
cooling (ηWH = 0.25).  This means that a tube geometry that does not wholly sacrifice 








[53] specified a COP of 0.4 for their automotive waste heat chiller.  In the present study, 
a geometry to acheive a COP of at least 0.35 is chosen.  This target COP was set 
assuming that approximately 15 kW of waste are available during idle in the large turbo-
diesel engine application of interest in this study with approximately 25 percent of that 
heat available in the engine coolant stream: (1.3 kW)/(0.25·15 kW) = 0.35.  In mobile 
applications, weight and compactness are also important criteria; therefore, tube and fin 
geometries that have a metal-adsorbent mass ratio less than two (i.e., total tube and 
adsorbent mass of less than 60 kg for two beds), and volumetric conductance of at least 
four kW/(K-m3) per bed, should be used.  Also, for the silica gel tubing, fins cannot be 
positioned too closely without greatly increasing the adsorbent void fraction and the 
de/pressurization times for the system; the silica gel particles being modeled have a 
diameter of 0.3 mm and require a fin spacing at least five times larger than that (per Fig 
3.20) in order to accommodate a three-dimensional packing structure.  The tube 
geometries that satisfy these conditions for both working pairs along with the resultant 
thermal conductances, metal-adsorbent mass ratios and number of 500 mm tubes needed 
to support 10.0 kg of adsorbent are as shown in Table 4.3. 
 
 
The 2.1 mm outer diameter tube yields laminar flow for the 0.2 kg/s coupling fluid flow 
rate and a liquid-side heat transfer coefficient of 1720 W/(m2-K). 
Table 4.3: Optimized Heat Exchanger Characteristics 
ACF-Ethanol (hw,ads = 25 W∙m-2∙K-1) Silica Gel-Water (hw,ads = 45 W∙m-2∙K-1) 
Do,tube = 2.1 mm      UAoverall = 0.60 kW/K 
Fin Height: 7 mm                         β = 1.9 
Fin Pitch: 7 mm                  Ntubes = 1240 
Do,tube = 2.1 mm       UAoverall = 0.49 kW/K 
Fin Height: 3 mm                        β = 0.67 





 The sorption bed shell is has a square cross section and is made from 6.35 mm-
thick (0.25 in) aluminum sheet metal, which yields a shell mass of 20.5 and 5.4 kg for the 
ACF and silica gel beds, respectively.  The shell mass is not included in the metal-
adsorbent mass ratio, but is accounted for in the sorption bed energy balances developed 
in Chapter 5 for system-level modeling.  The void volume, which includes the porosity of 
the adsorbent, void fraction and space between adjacent finned tubes, was calculated to 
be 0.13 and 0.024 m3 for  ACF and silica gel, respectively.  It should be noted that the 
total mass for two ACF sorption beds, including adsorbent, finned-tubing and shell, is 
calculated to be 99 kg (218.3 lbs.)  The total mass for two silica gel-sorption beds is 
44.2 kg (97.4 lbs.) 
 In Fig 4.7, silica gel exhibited better volumetric conductance while maintaining 
better COP for higher fin densities Fig 4.10.  Also, in Fig 4.03, the silica gel-water 
working pair exhibited a more reasonable tube count than ACF-ethanol.  As a result, the 
silica gel-water pair is investigated in more detail for the remainder of this Chapter.  The 
overall conductance, metal-adsorbent mass ratio, shell mass and void volume are used as 
inputs in the lumped parameter system-level model discussed in Chapter 5.  The lumped-
parameter model, in which uniform bed temperature is assumed, provides a simple way 
of calculating transient performance; however, the actual sorption bed temperature will 
vary in both the radial and axial directions of the sorption bed tubes.  Despite some 
indication in the literature that the lumped parameter assumption is valid under some 
circumstances, it is not clear how apt the uniform bed temperature assumption is for the 




conductance values calculated in this section, a distributed parameter sorption bed model 
is formulated next and compared with a lumped parameter sorption bed model. 
4.2 Distributed-Parameter Sorption Bed Modeling 
 A distributed parameter sorption bed model simulates desorption by predicting the 
variation in temperature and uptake as a function of time and position.  Such a model is 
developed in the present section for a single tube in an annular fin sorption bed heat 
exchanger using energy and mass conservation equations for the heat transfer fluid, heat 
exchange tube, fins, adsorbent and adsorbate.  Because the silica gel-water pair was 
found to have a superior combination of volumetric conductance and COP compared to 
ACF-ethanol in the preceding section, the distributed parameter model is only developed 
for this working pair.  The conservation equations are discretized and solved using the 
finite difference method.  The purpose of the distributed parameter model is to 
quantitatively illustrate the variation of adsorbent temperature and uptake in an annular 
finned heat exchanger, to determine the validity of the lumped-temperature assumption, 
and to evaluate the accuracy of the UA values that have been calculated. 
4.2.1 Previous Work: Distributed-Parameter Models 
 Before developing the finite difference model, several of the distributed-
parameter models that have appeared in the literature are summarized.  Amar et al. [38] 
used a two-dimensional distributed parameter model to simulate performance of their 
thermal wave chiller.  The refrigerant mass conservation (Eq 4.16) together with Darcy’s 
law, allowed them to model inter-particle pressure drops in the sorption bed heat 
exchanger.  The permeability was determined using the Blake-Kozeny Eq (4.17), which 
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Amar et al. used three energy balances to describe heat transfer in the adsorbent, the heat 
transfer tube and the heat transfer fluid.  Their adsorbent energy balance (Eq 4.18) 
accounted for energy storage in the adsorbent, adsorbed phase and vapor phase as well as 
conduction through the solid adsorbent, convection by refrigerant vapor and adsorption 
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The tube energy balance, Eq (4.19), accounted for energy storage in the tube, axial 
conduction and convection between the heat transfer fluid and the tube as well as the 
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The heat transfer fluid energy balance (Eq 4.20) accounted for energy storage in the fluid, 
convection of thermal energy downstream, axial heat diffusion through the fluid and 
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The initial and boundary conditions are provided in their paper [38]. 
 Sun et al. [2] also modeled a thermal wave sorption bed heat exchanger using a 




al. [56] used a two-dimensional simulation to model a sorption bed containing zeolite-
coated tubes.  To model mass transfer, which is a function of both pressure and 
concentration gradients, they used an apparent permeability (Eq 4.21) along with Ergun’s 
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In a related publication, Maggio et al. [70] applied their two-dimensional model to a two-
bed adsorption heat pump with energy recovery, which employed zeolite (4A) coated 
sorption bed heat exchangers with a 2-5 mm adsorbent coating. 
 The conservation equations used in other distributed parameter models appearing 
in the literature are compiled in Table 4.4.  These distributed parameter models range in 
detail from one-dimensional models neglecting inter-particle mass transfer resistance to 
three-dimensional simulations with coupled inter- and intra-particle mass transfer.  
Because distributed parameter models are more complex than their lumped parameter 
counterparts, they have generally been used only to model the sorption bed heat 
exchanger not entire adsorption heat pump systems.  All except Chua et al.’s [22] and Liu 
and Leong’s [62] models utilize constant condenser and evaporator property 
approximations.  Chua et al. employed detailed, distributed-parameter models for their 






Table 4.4: Distributed-parameter sorption bed models 
Summary Energy Balance Mass Balance 
Sun et al. [2] 
 Thermal wave 
 Zeolite NaX-ammonia 
 Heat exchange tube 
coated with adsorbent 
 Neglected axial 
conduction in adsorbent 
and tube 
 Fixed condenser and 
evaporator temperatures 
Heat transfer fluid 
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Szarsynski et al. [37] 
 Thermal wave 
 Zeolite (NaX)-water 
 Negligible intra-particle 
resistance 
 Fixed condenser and 
evaporator temperatures 
Heat transfer fluid 
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Not Provided 
Tather et al. [73] 
 Zeolite (4A)-water 
 Tubes coated with 
synthesized adsorbent 
 Constant, uniform heat 
transfer fluid 
temperature 
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Table 4.4 (cont.): Distributed-parameter sorption bed models 
 
Summary Energy Balance Mass Balance 
Zhang [177] 
 Single-bed 
 Zeolite (13X)-water 
 Inter-particle diffusion 
modeled by Darcy’s 
Law 
Heat transfer fluid 
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Table 4.4 (cont.): Distributed-parameter sorption bed models 
 
Summary Energy Balance Mass Balance 
Restuccia et al. [55] 
 Zeolite-water 
 Metal tubes coated with 
adsorbent in binder 
 Constant evaporator and 
condenser temperatures 
 Tube at uniform 
temperature 
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Chua et al. [22] 
 Silica gel-water 
 Adsorbent energy 
balance accounts for 
adsorbent, adsorbate 
and inter-particle vapor 
 Distributed parameter 
models of the condenser 
and evaporator 
Heat transfer fluid 
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Table 4.4 (cont.): Distributed-parameter sorption bed models 
 
Summary Energy Balance Mass Balance 
Liu and Leong [62] 
 Intra-particle resistance 
modeled by the linear 
driving force equation 
 Inter-particle resistance 
modeled by Darcy’s law 
 Transient, lumped 
parameter model for 
condenser 
Heat transfer fluid 
     p p phtf htf htf htf htf
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Table 4.4 shows that there are varying degrees of detail that have been incorporated into 
distributed parameter sorption bed models.  For heat transfer, Zhang’s [37] model is the 
most complete, accounting for heat transfer in adsorbent via both advection and 
conduction in three dimensions.  Chua et al. [22], accounted for heat transfer by 
adsorbent conduction in the radial direction, but they lumped the advection constituents 
into a single transient term.  For mass transfer, Tather et al. [17, 18] incorporated the 
more detailed Fickian diffusion equation into their distributed model, while essentially all 
other distributed parameter models have used the LDF.  The distributed parameter model 
developed in the next section incorporates different elements of those in Table 4.3 in an 
effort to yield sufficient insight without unnecessary computational complexity. 
4.2.2 Distributed-Parameter Model Development 
 In Chapter 3, it was shown that pressure drop through silica gel and activated 
carbon fiber adsorbent layers 20 mm thick or less had a negligible effect on sorption rate 
for 0.3 mm silica gel and 13 µm ACF particle sizes and for initial and equilibrium 
uptakes set by source and coolant temperatures of 90 and 35°C.  The thermal resistance 
model presented earlier in this Chapter revealed that annular fin height should be 3 mm.  
The primary assumptions utilized in this model are: 
 Inter-particle pressure drop in the adsorbent layer is neglected for this 
distributed parameter model. 
 The LDF approximation applies for intra-particle mass transfer (explanation 
below) 
 Condenser and evaporator temperatures are assumed constant. 




 Advection in the adsorbent is simulated using a lumped model similar to the 
one employed by Chua et al. [22]. 
 The annular fin geometry and silica gel constants for the nominal case considered 
in the distributed parameter analysis are presented in Table 4.5.  Note that the tubes are 
specified to be 501 mm long instead of 500 mm so that there are an integral number of 
fined adsorbent segments. 
 
 The linear driving force approximation is used to model intra-particle mass 
transfer resistance in the adsorbent layer.  The conditions under which the LDF 
approximation may be used were outlined in Chapter 3.  With the optimized silica gel 
particle size for the base operating conditions outlined in Table 4.5, dimensionless half-
cycle time and dimensionless adsorbate content are 0.10 and 1.7, which are such that the 
LDF error in uptake at the end of a half cycle would be less than 5%.  It should be noted 
that while the LDF error of the final uptake at the end of the half-cycle is small, the error 
will be greater at earlier times in the cycle.  For instance, 40 s into a half-cycle, the 
dimensionless time lies between 0.008 and 1.1 (depending on node temperature).  At the 
lower-limit, the relative LDF error could be 10 to 15 percent; however, because the 
Table 4.5: Silica gel-water sorption bed tube dimensions and constants 
Heat Exchanger Model Inputs 
Tube: 0.083” (2.1 mm) OD 
tubing with 0.008” wall 
thickness 
(720) 501 mm long tubes 
per sorption bed 
htf,des 0.00146m  kg/s keff = 0.198 W/m-K 
htf,ads 0.00212m  kg/s hw,ads = 45 W/m
2-K 
Phtf = 101.3 kPa csg = 0.924 kJ/kg-K 
Tdes,in = 90°C εmicro = 0.49 
Fin: 27 gauge aluminum 
sheet metal (0.0142” 
thickness) 
3 mm height and pitch 
Tads,in = 35°C εvoid = 0.37 
Tc = 35°C Dp = 0.3 mm 
Te = 5°C ρbulk = 656 kg/m3 





uptake at the end of the half-cycle, not intermediate uptake, is the critical parameter for 
calculating the thermal energy transfer [kJ] and COP, the error at intermediate time is 
deemed acceptable.  The Fickian diffusion model is, however, used in some of the 
system-level models presented in Chapter 5. 
 One-dimensional axial energy balances are used to model heat transfer between 
the heat transfer fluid and heat exchanger tube.  The energy balances in differential form 
for those two constituents are given by Eqs (4.23, 24), respectively (adopted from [22] 
and [37]). 
        
2
htf htf
p p htf htf htf tube2htfhtf htf
htfTT TV c V c u Vk h A T T
t z z
 




   
   
'
tube tube
p tube tube fintube




TT TV c k V Ak
t z z r
h A T T h A T T


         
   
 (4.24) 
The boundary conditions for the heat transfer fluid and tube are Eqs (4.25, 26) and (4.27, 
28), respectively. 


























  (4.28) 
Conduction in the annular fins is assumed to be one-dimensional in the radial direction 
because of their large diameter/thickness ratio.  The fin energy balance and boundary 
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The two-dimensional energy balance and boundary conditions for an adsorbent segment 
are given by Eqs (4.32-36). 
 
   g ads adsbulk bulk sg bulk ads
ads ads
bulk g eff eff
1
h H T ww c H
t t t
T Twe k k r
t z z r r r
  

    
   
  





eff w,ads ads tube ads
r R









eff w,ads ads fin ads
z P

















eff w,ads ads fin ads
z







 The differential energy balances in the preceding section are used primarily to 
document which modes of heat transfer and energy storage are considered in the present 
analysis.  To formulate the finite difference solution for the tube, fins and adsorbent, 
energy balances are made for each node by summing the conduction and convection heat 
streams along with energy storage and heat generation.  Because of the advection term in 




is handled slightly differently than those for the tube and adsorbent, using the Taylor 
Series-derived definitions for first and second derivatives.  The node spacings for the 
fluid and tube are equal.  In the equations that follow, i, j and k are indices for the tube 
section, radial position and sub-axial position within each tube section, respectively.  For 
the 500 mm tube (strictly 501 mm), there are 167 tube sections (Ntube = 167), 5 radial 






Heat transfer fluid 
 The discretized form of Eq (4.23) and the heat transfer fluid boundary conditions, 
Eqs (4.25, 26), are Eqs (4.37, 38, 39), respectively. 
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In Eq (4.37), the left-hand side accounts for energy storage in the heat transfer fluid, the 
first term on the right-hand side for advection, the second term for conduction, and the 
final term for convection heat transfer to the tube wall.  The grid spacing is set to equal 
the fin pitch, so along the 501 mm tube length, there are 167 nodes for the nominal case.  
The convection heat transfer area is the surface area of the inside of a tube element.  An 
implicit formulation is used in Eq (4.37) for its stability [167] wherein the spatial 
derivatives are evaluated using the time-averaged node temperatures, Thtf,i,avg = (Thtf,i,f-
Thtf,i,s)/2.  The implicit technique is also used in the other conservation equations. 
Tube 
 The heat flows for the interior tube nodes are shown in Fig (4.14).  The tube grid 
spacing is set equal to the fin pitch.  The thermal resistance of the tube in the radial 
direction was shown to be unimportant in Figs (4.3, 4.4), so the radial temperature 
variation in each tube segment is neglected.  The first radial node for each fin has been 
absorbed into the tube energy balance as shown in Fig (4.13) so that the temperature of 
the base of each fin equals that of each tube segment. 
 
 




The discretized forms of Eq (4.27) for the first tube node, interior nodes and final tube 
node are Eqs (4.40-42), respectively.  The volume and adsorbent-side surface area for the 
last tube node are slightly different than for the first and interior nodes; because each 
adsorbent segment is enveloped by fins on both sides, the final tube node includes fin 
bases on both its western and eastern sides. 
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 (4.42) 
 
In Eq (4.40), the first term on the left-hand side accounts for contact heat transfer with the 
adsorbent while the second term accounts for convection with the heat transfer fluid.  The 




represent conduction heat transfer between the neighboring tube nodes.  The conduction 
heat transfer area is simply the tube’s cross sectional area while the contact heat transfer 
area is composed of the bare tube area for a single tube element and the exposed portion 
of the lumped fin node.  Eqs (4.41, 42) differ only by the presence or absence of 
conduction terms. 
Fins 
 The heat flows in an interior node of an interior annular fin (interior annular fins 
are bounded by adsorbent on two sides) is shown in Fig 4.15.  The heat flow diagram for 
the exterior annular fins (bounded by adsorbent on one side) are similar to Fig 4.14 
except that heat transfer with adsorbent occurs on only one side.  The exterior nodes at 
the outermost radius of the fin are also similar to Fig 4.15 but conduction to node “n” is 
replaced with an adiabatic condition.  As mentioned earlier, the fin grid is one-
dimensional in the radial direction, and the fin base temperature is set by the temperature 
of the tube.  The perimeter of the fin is adiabatic. 
 
 
Fig 4.15: Interior node for an annular fin showing heat transfer paths, q, for 




For the interior fins, the discretized form of Eq (4.29) for an interior node is Eq (4.43).  
The discretized equation for a node at the fin perimeter is Eq (4.44). 
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The discretizations for the exterior fins at the ends of the tube are similar to Eqs (4.43, 
44) except that heat transfer to the adsorbent only occurs in one direction.  The first term 
in Eq (4.43) accounts for contact heat transfer with the adsorbent bordering the fin to the 
west (left) and the second term for adsorbent to the east (right).  The first term on the 
right-hand side of Eq (4.43) represents energy storage while the remaining terms 
constitute conduction along the radius of the fin.  The coefficients for the conduction 
terms were obtained by solving the one-dimensional Fourier equation in cylindrical 
coordinates between nodes “j and j-1” or “j and j+1”. 
Adsorbent 
 The discretized form of Eq (4.32) for an internal node, “i”, in an adsorbent 
segment shown in Fig 4.16 is Eq (4.45).  The heat generation rate, gi, accounts for a 
combination of the heat of adsorption and refrigerant advection (i.e., the terms on the left-
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 (4.45) 
In Eq (4.45), the left-hand side accounts for the heat of adsorption and advection from the 
adsorbent node.  The advection term is in lumped form, which implies that heat is not 
transferred between adsorbent layers by refrigerant vapor but only from node “i” to the 
free stream.  This assumption is a conservative measure that simplifies the model.  The 
first two terms on the right-hand side of Eq (4.43) account for the change in internal 
energy of the adsorbed phase and energy storage in the adsorbent while the remaining 
terms represent conduction to the surrounding adsorbent nodes, n, s, e and w. 
 




 The discretized form of Eq (4.32) for an adsorbent node bound by the tube on one 
side and adsorbent on all others is given by Eq (4.46). 
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The discretized form of Eq (4.32) for an adsorbent node bound by a fin on the west/east 
side and adsorbent on all others is given by Eqs (4.47/48), respectively. 
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The discretized form of Eq (4.32) for the adsorbent nodes bounded by both the tube and 
an west/east fin is Eq (4.49/4.50), respectively. 
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The discretized form of Eq (4.32) for an adsorbent node bound by free vapor on one side 
and adsorbent on all others is given by Eq (4.51).  To simplify the present analysis, 
convection heat transfer between the free vapor and adsorbent and radiation heat transfer 
between the adsorbent and sorption bed shell have been neglected. 
 
 







i,N ,k,f i,N ,k,s
bulk ads,N ,k ads
g,i,N ,k,f ads,f g,i,N ,k,s ads,s
bulk ads,N ,k i,N ,k,avg
ads,i,N ,k,f ads,i,N ,k,s eff,ads ads,N ,k




h H h H
V w
t




















eff ads,N ,k eff ads
ads,i,N ,k 1,avg ads,i,N -1,k,avg
j j-1







k A k zT T
z r r
k A k A k z T






   
   
 (4.51) 
The discretized form of Eq (4.32) for an adsorbent node bounded by free vapor on one 
side, an west/east fin on one side and adsorbent on two sides is Eq (4.52/4.53). 
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4.3 Distributed-Parameter Model Results 
 The temperature distribution for the adsorbent segment between the first two 
consecutive fins is shown in Fig 4.17 for discrete times between 5 and 20 s using 18 
nodes in both the axial and radial directions.  Isosteric heating occurs during the first 79 s 
before desorption.  For the adsorbent segment at each time in Fig 4.17, the bottom edge is 
bound by the heat transfer tube containing hot heat transfer fluid flowing from left to 
right, the right and left edges are bounded by metal fins and the top edge is bound by free 
vapor which is assumed to be an adiabatic boundary condition.  The adsorbent segment is 
initially at ambient temperature, 35°C.  Just after desorption begins at t = 0, the hot heat 
transfer fluid commences heating the adsorbent.  The fins bounding the left and right 
sides of the cell transport heat from the tube to the upper reaches of the adsorbent layer, 
so as time elapses, the isotherms develop into a U-shape with temperature decreasing 
toward the top and center of each cell. 
 The cells in Fig 4.17 illustrate the strong temperature non-uniformities in the 3 
mm-wide adsorbent segment: maximum temperature gradients of 16, 12 and 6°C arise 




gradients within the individual adsorbent segments continue to decrease over time, falling 
to less than 2°C after 40 s and less than 0.05°C after 78 s.  Then, when the refrigerant 
valve opens at 80 s to begin the desorption mode, sensible heat from the adsorbent 
segment is used as refrigerant is desorbed; and the adsorbent temperature falls almost 






     
 t = 5 s t = 12 s t = 78 s t = 100 s 
     
 t = 6 s t = 14 s t = 80 s t = 110 s 
     
 t = 7 s t = 16 s t = 81 s t = 120 s 
     
 t = 8 s t = 18 s t = 85 s t = 150 s 
     
 t = 9 s t = 20 s t = 87 s t = 200 s 
     
 t = 10 s t = 25 s t = 90 s   
  
Fig 4.17: Temperature distribution for first adsorbent segment represented by an 18 





In addition to the temperature gradient within each adsorbent segment, the temperature 
distribution along the length of the heat exchanger tube also impacts performance.  
Quantifying the temperature gradient along the entire tube is more difficult than doing so 
for a single adsorbent segment.  Engineering Equation Solver was used to solve the 
system of simultaneous equations in the finite difference formulation.  EES is a 
convenient programming platform, but it can support just 12,000 variables.  When an 18-
by-18 mesh is used in each adsorbent segment, only two such segments can be modeled 
before the number of simultaneous equations exceeds the maximum allowable amount.  
In order to plot the temperature distribution for the 167 adsorbent segments along a 501 
mm tube in reasonable time, the node spacing must be increased.  Fig 4.18 illustrates the 
change in temperature distribution as the number of nodes in the radial and axial 
directions of the adsorbent segment between two consecutive fins is decreased from 18 to 
five.  While the five-by-five mesh has less resolution than the 18-by-18 mesh, it provides 
a numerically stable solution that is consistent with the finer meshes; the maximum 
temperature difference across the cell after 10 s of heating changes from 12.2 to 12.8°C, 
or by less than five percent, as the mesh size is reduced from 18-by-18 to 5-by-5.  To 
confirm that the five-by-five mesh yields satisfactory accuracy, the average uptakes for 






    
  (a) (b) 
    
  (c) (d) 
Fig 4.18: First adsorbent-adsorbate segment temperature with a) 18-by-18 nodes, b) 
12-by-12 nodes, c) 8-by-8 nodes and d) 5-by-5 nodes after 10 s of heating  
 
 





Over the 80 s of isosteric heating and subsequent 120 s of desorption shown in Fig 4.19, 
the four uptake histories are nearly coincident.  Decreasing the number of nodes to a five-
by-five mesh has negligible effect on the mass transfer prediction and allows as many as 
20 consecutive adsorbent segments to be modeled with one simulation.  To model the 
additional 147 adsorbent segments of the 501 mm tube, the outlet heat transfer fluid 
temperature of the 20th segment is used as an input for the 21st, then the model is re-
executed.  Similarly, the outlet heat transfer fluid temperature of the 40th segment is used 
as an input for the 41st and so on.  The temperature variation along the lengths of five 
tube segments are shown in Fig 4.20 after 30 s of isosteric heating.  The plots are half-








Fig 4.20: Series sections of a 501 mm-long, 2.1 mm-diameter tube coated in silica gel 






As hot heat transfer fluid enters the left end of the tube, it transfers heat to the adsorbent 
segments nearest the entrance.  This lowers the heat transfer fluid temperature so that as it 
advances down the tube, less heat is transferred to the subsequent adsorbent segments as 
evidenced by their lower average temperature.  The temperature change along the length 
of the tube is initially quite significant.  After 30 s of heating, the temperatures of the 
node in the center of the five-by-five adsorbent mesh for the first adsorbent segment in 
each of the eight 60 mm lengths are 71.2, 68.6, 66.1, 63.6, 61.2, 58.5,56.5 and 54.4°C, 
respectively.  The temperature difference between the center node in the first and last 
adsorbent segments is 16.8°C.  As with the single segment plots in Fig 4.17, the annular 
fins of the tube in Fig 4.20 conduct heat radially outward so that the outermost regions of 
the adsorbent layer are also heated, resulting in better sorption bed performance than a 
tube without fins. 
 Near the onset of heating, temperature variation in and between adsorbent 
segments is significant.  To illustrate the change in temperature distribution with time, 
every twentieth segment from the heat transfer fluid entrance are plotted in Figs (4.21 a1-
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Fig 4.21: Temperature distribution in adsorbent segments 1, 21, 41, 61, 81, 101, 121, 141, 161 (counted from heat transfer fluid 
entrance) in 501 mm-long tube after a) 10 s, b) 30 s c) 78 s, d) 85 s, e) 200 s of heating (note, isosteric heating 0 < t < 79 s 




After 30 s of heating, the temperature difference between the center nodes in the first and 
last five-by-five adsorbent segments is 16.8°C.  After 78 s of heating, the center node 
temperatures for the first and last adsorbent segments are 87.4°C and 79.0°C, 
respectively, corresponding to a difference of 8.4°C.  While Fig 4.17 illustrated that the 
temperature gradient within the first adsorbent segment was negligible after 78 s of 
isosteric heating, Fig (4.21c) suggests that the gradient along the tube length is not.  
Immediately after desorption begins at t = 79 s, the adsorbent temperature decreases; the 
center node of the first and last segments reach 70.8 and 70.1°C, respectively.  Note that 
the initiation of the desorption mode tends to diminish the temperature gradient along the 
tube length, which arises from the sensible heat consumed to desorb refrigerant 
momentarily obscuring the heat transfer fluid heating rate.  As the desorption rate wanes 
with time, the temperature gradient along the tube axis returns during intermediate times.  
At 200 s, the temperature of the first and last segments are 77.4 and 74.2°C, respectively 
- a 3.2°C difference.  This difference subsides to a fraction of a degree as all segments 
approach the heat transfer fluid inlet temperature near the end of the heating half-cycle. 
 The heating shown in Figs (4.20-21) induces desorption, which causes the uptake 
distribution in each adsorbent segment to change with time.  The uptake distribution for 
the first adsorbent segments in every twentieth segment of the 501 mm-tube are shown in 
Figs (4.22 a1-d160).  The uptake distribution mirrors the temperature distribution.  The 
hottest segments near the tube inlet desorb most rapidly and have the lowest uptake.  The 
uptakes for the center node in the five-by-five mesh for the entrance adsorbent segment 




respectively.  The center node uptakes for the exit adsorbent segment are 0.1016, 0.0964, 
0.0866, 0.072 and 0.0582 kg/kg at the same times.  The difference between the center 
node uptakes for the entrance and exit segments (0.0034, 0.0056, 0.0088, 0.0131 and 
0.0143 kg/kg after 5, 40, 100, 200 and 400 s of desorption) shows that the axial uptake 
gradient increases for the first 500 s of the half heating period.  Presumably, for longer 
times, that gradient would decrease to zero as the uptake in all adsorbent particles 
eventually approaches the equilibrium established by the source temperature and 
condenser pressure.  The last item to note regarding Fig 4.22 is the uptake gradient 
behavior in individual adsorbent segments with time: it increases from zero at t = 79 s to 
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Fig 4.22) Uptake distribution for adsorbent segments 1, 80 and 160 after a) 5 s, b) 




4.3.1 Effect of Adsorbent-Tube Heat Transfer Coefficient 
 It has been suggested that the adsorbent-tube contact heat transfer coefficient 
(CHTC) is an adjustable parameter.  Adsorbent particle size, compactness, the presence 
of an epoxy or binder and other manipulations can affect the CHTC.  A CHTC of 45 
W/(m2-K) has been used in Figs (4.17-22), which approximately corresponds to that 
powdered adsorbent.  To illustrate the effect of manipulating CHTC, the temperature for 
the first 60 mm section of the 501 mm-long sorption bed tube being heated is plotted in 
Fig 4.23 with a contact heat transfer coefficient of 180 W/(m2-K) and all other conditions 
fixed as in Fig 4.20.  The 180 W/(m2-K) contact heat transfer coefficient corresponds to 
one where a binder has been used to adhere the adsorbent to the wall [56]. 
 
In Fig 4.23, the higher CHTC has three effects.  Firstly, the adsorbent segments in the 
first 60 mm section of the tube have an average temperature of about 85°C after 30 s of 






Fig 4.23: Temperature distribution after 30 s of isosteric heating in first 60 mm 
section of 501 mm-long tube with 3 mm-tall annular fins with a 3 mm pitch 




70°C when the CHTC is 45 W/(m2-K).  The more rapid temperature change in the case of 
higher CHTC is a consequence of the lower heat transfer resistance, Rc = (hwAads)-1 , 
which results in a larger desorption rate.  The second effect of the higher CHTC is that 
the temperature gradient in the individual adsorbent segments is greater.  The maximum 
temperature difference across the middle adsorbent segment in Fig (4.23a) is 4.1°C 
compared with 2.4°C in the middle segment in Fig (4.23b).  The prominence of an 
internal temperature gradient can also be understood in terms of the heat transfer Biot 
number.  When the CHTC is 45 W/(m2-K), Bi = hwLchar/keff = 0.16, which indicates that 
the internal temperature gradients are not as significant as when the CHTC is 180 W/(m2-
K) and the heat transfer Biot number is 0.64.  The third effect of the higher CHTC is that 
the temperature gradient along the axis of the tube is more significant.  The temperature 
difference between the center nodes of the first and last segments of the 45 W/(m2-K) 
CHTC tube part is 3.3°C while the difference across the 180 W/(m2-K) CHTC tube is 
3.9°C.  With the higher heat transfer coefficient, the heat transfer fluid is able to transfer 
more heat to the adsorbent segments near the tube entrance.  Consequently, the heat 
transfer fluid temperature difference across the tube is larger, so the adsorbent segments 
are heated less evenly. 
 The specific sorption rates for the tubes with the 45 and 180 W/(m2-K) CHTCs 





The uptake for the low-CHTC case after 500 s of desorption (with 79 s of isosteric 
heating) is 0.043 kg/kg.  The high-CHTC sorption rate reaches 0.043 kg/kg after just 
284 s.  The high-CHTC case therefore requires a shorter cycle time than the low-CHTC 
case, which corresponds to greater ads/desorption rate and higher cooling power.  Thus, 
the 180 W/(m2-K) CHTC-case requires a 43% shorter cycle time than when the CHTC is 
45 W/(m2-K).  Although the unaltered packed bed corresponding to the lower CHTC is 
simpler to manufacture, the trend in commercial adsorption heat pumps seems to be 
toward increasing the CHTC of packed layers using epoxy, binder or synthesized layers.  
Consequently, techniques for increasing CHTC should be investigated in the future. 
4.3.2 Comparison with Lumped Parameter Sorption Bed Model 
 The distributed parameter sorption bed model was shown in the preceding 
sections to predict temperature and adsorbate content gradients in the sorption bed.  
These gradients are most prevalent just after switching, and subside with time until the 
 
Fig 4.24: Uptake during desorption for tubes with different CHTCs with 3 mm-tall 




temperature and adsorbate content are approximately uniform throughout the adsorbent.  
For system-level models, such a detailed account of sorption bed thermal behavior is too 
complex; lumped parameter simulations are more appropriate.  Such simulations would 
utilize sorption bed conductance and metal/adsorbent mass ratios calculated in the 
previous section.  Before adopting the lumped parameter approach for the system models 
in Chapter 5, it remains to be determined whether the temperature and uptake gradients 
have a significant impact on performance.  The objective of this section is to determine 
how greatly a lumped parameter sorption bed model deviates from the distributed 
parameter version.  The sorption bed energy balance for the lumped parameter model is 
Eq (4.54). 
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The enthalpy of the heat transfer fluid leaving the sorption bed is determined using Eq 
(4.55). 
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The tube UA for the 501 mm-long, 2.1 mm-diameter tube with 3 mm-tall annular fins 
having a 3 mm pitch was calculated to be 0.49 W/K when covered with packed silica gel.  
Note that the 1 mm discrepancy in tube length (i.e., 501 mm tube length used here versus 
500 mm tube length used to calculate conductance in Section 4.1) is neglected.  For 
consistent comparison with the distributed parameter model, the linear driving force 
approximation is used to model mass transfer rate in Eq (4.54); the LDF error is 




 The uptake predicted by the distributed parameter simulation during desorption 
and adsorption are plotted in Fig (4.25) along with that predicted by the lumped 
parameter sorption bed simulation.  Although a single tube has been used to predict the 
specific sorption rates in Fig (4.25), heat transfer fluid flow is parallel in the tubes, so in 
the absence of maldistribution of heat transfer fluid in the tube header, the specific 
sorption rate should be approximately the same for all other tubes in the sorption bed. 
 
The uptake histories for the distributed and lumped models are nearly identical, differing 
by less than 1.5% throughout the isosteric heating, desorption, isosteric cooling and 
adsorption modes. 
 The heat transfer fluid outlet temperature for the 500 mm tube as predicted by the 
distributed and lumped parameter models is shown in Fig (4.26). 
 
Fig 4.25: Uptake comparison for distributed and lumped parameter models during 
for a 2.1 mm-diameter tube with fin pitch and height of 3 m coated in silica 





The outlet heat transfer fluid temperature predicted by the distributed parameter model 
during desorption increases from 35°C initially to 86.4°C after 79 s of heating, abruptly 
decreases to 82.1°C as desorption begins and then asymptotically approaches the inlet 
temperature of 90°C.  The outlet temperature for the segmented model increases to 
85.3°C at 79 s, decreases to 81.6°C after switching and then approaches the inlet heat 
transfer fluid temperature of 90°C. 
 Although the distributed parameter simulation showed that adsorbent temperature 
and uptake gradients in a sorption bed are significant, the variations in those properties 
along the length and radius of the 501 mm, 2.1 mm-diameter tube utilized in the sorption 
bed heat exchanger are averaged by the lumped parameter simulation.  Figs (4.24, 25) 
show that this averaging yields quite accurate predictions for uptake and heat transfer 
fluid outlet temperature.  Because these properties are used to determine sorption rate and 
 
Fig 4.26: Outlet heat transfer fluid temperature comparison for distributed and 




COP, which are the critical descriptors for an adsorption heat pump, it is concluded that 
the lumped-parameter model can indeed be used for system-level modeling.  Moreover, 
Figs (4.24, 25) validate the thermal conductance value calculated in the previous section 
for silica gel-water since the distributed parameter simulation was independently 
matched. 
4.4 Sorption Bed Design Conclusions 
 A design for a sorption bed heat exchanger consisting of annular finned tubes 
surrounded by packed activated carbon fiber or silica gel adsorbent was presented in this 
Chapter.  Using thermal resistance techniques, the fin height, fin pitch and tube diameter 
were parameterized to determine their effects on sorption bed performance.  As the fin 
height increases and pitch decreases, the contact surface area for heat exchange increases, 
which improves the overall sorption bed conductance (UAoverall).  High conductance is 
desirable because it allows the adsorbent temperature to be changed more rapidly to 
produce greater refrigerant flow.  However, these changes in tube geometry increase the 
inert mass of the heat exchanger, which mandates more heat input to achieve a given 
adsorbent temperature.  Consequently, tall, closely-spaced fins tend to degrade sorption 
bed efficiency and heat pump COP.  For the activated carbon fiber-ethanol working pair, 
a fin height and fin pitch of 7 mm produces good heat transfer performance while 
maintaining adequate COP while the silica gel fin height and pitch should be 3 mm.  In 
both cases, the 2.1 mm-outer-diameter tubing yields satisfactorily low heat transfer fluid 
convection resistance. 
 In addition to providing a means for evaluating fin geometry, the thermal 
resistance model showed that for the nominal values of adsorbent-tube contact heat 




conduction constitute the greatest limitations to heat transfer performance.  The contact 
heat transfer coefficient for a packed adsorbent can be increased from its nominal, 
unmodified value of approximately 25 W/(m2-K) for ACF and 45 W/(m2-K) for silica gel 
using an epoxy or some other thermal interface material.  A modified contact coefficient 
of 180 W/(m2-K) [18] was shown to yield significantly shorter cycle times for the silica 
gel-water sorption bed. 
 A distributed parameter simulation was developed to determine the extent of 
temperature and uptake gradients within adsorbent segments confined by fins and 
between co-axial segments.  It was determined that those gradients are significant; 
however, comparison of the uptakes and heat transfer fluid outlet temperatures for the 
distributed and lumped parameter sorption bed models revealed that those gradients need 




CHAPTER 5  
TWO-BED, SYSTEM-LEVEL MODELING 
 
5.1 Introduction to System-Level Modeling 
 Chapters 3 and 4 explored coupled-heat-and-mass transfer within a packed 
adsorbent layer and a sorption bed, respectively.  These particle-level and component-
level studies have provided insight regarding optimal particle diameter, tube diameter and 
annular fin geometry.  For instance, it was shown in Chapter 3 that  adopting a silica gel 
particle diameter of 0.3 mm instead of 1.42 mm used in another study [22] for a different 
sorption bed geometry resulted in a nearly 90 percent reduction in the time to achieve 
80 percent of the equilibrium uptake at rated conditions by balancing decreasing intra-
particle diffusion with increasing inter-particle permeation.  Similarly, the dimensions of 
the annular-finned tube must be selected such that the extended heat transfer surface is 
large enough to yield desirably high thermal conductance without being so large as to 
yield an undesirably low COP (i.e., below 0.5 in the present study).  These insights about 
sorption bed design are used in a system-level investigation in this Chapter to develop a 
system-level model for two variations of the two-bed adsorption heat pump: non-
recuperative and energy recuperative.  Using this system-level model, the two heat pumps 
and two working pairs, silica gel-water and ACF-ethanol, are compared. 
 In addition to aiding in the design of the sorption bed, the studies in previous 
Chapters showed the simplifying assumptions that can be made for system-level 
simulations. It was deduced in Chapter 3 that inter-particle permeation has a negligible 
effect on performance for the particle size, adsorbent layer thickness, working pairs and 




revealed that the type of intra-particle mass transfer model used for silica gel particles 
and activated carbon fibers, either Fickian diffusion or linear driving force, can have a 
noticeable impact on the performance prediction depending on the heat pump 
dimensionless half-cycle time and dimensionless adsorbate content; the LDF error is 
greatest for small dimensionless half-cycle times and large temperature lifts.  It is 
desirable to use the LDF approximation in system-level simulations as long as it yields 
low error, so in this Chapter, the guideline Eqs (3.44, 45) are used to evaluate the 
bounding LDF error before using the equation in a system model. 
 In the literature, system-level adsorption heat pump models have been developed 
in varying degrees of detail.  At the most detailed level, distributed-parameter models of 
the sorption bed like the one employed in Chapter 4 and, on at least one occasion [22] the 
condenser and evaporator, have been used to simulate heat pump operation.  Because 
such distributed parameter simulations must account for spatial and temporal changes in 
each component along with interactions between components, they can be time-
consuming.  Consequently two simplified model types have also, and perhaps more 
commonly, been utilized.  The first of these is an integrated thermodynamic model, 
which was used in the first part of Chapter 4.  For this model, properties are integrated 
between state points determined by the operating conditions.  The integrated 
thermodynamic model is time independent, which makes it easy to formulate but 
minimally insightful since it can provide neither property histories nor specific cooling 
rate.  The second simplified model is the lumped-parameter simulation, in which spatial 
gradients of all properties are neglected but time dependence is maintained.  The lumped 




concentration histories for the different heat pump components and utilize these to 
determine performance metrics such as SCP.  Thus, the lumped-parameter model type 
confers a useful amount of detail about the heat pump performance while maintaining a 
manageable level of computational complexity.  In Chapter 4, it was determined that the 
lumped-parameter sorption bed simulation yielded comparable results to the more 
detailed, cumbersome distributed-parameter sorption bed simulation since the average 
uptakes and heat transfer fluid outlet temperatures matched very well.  As a result of this 
finding, the lumped-parameter sorption bed simulation is incorporated into the system-
level model in this Chapter. 
5.2 Previous Work: Lumped-Parameter Simulations 
 A brief review of system-level models is instructive before developing one anew.  
A number of investigators have used lumped parameter simulations to illustrate the 
transient nature of adsorption heat pump operation.  The primary assumption used in 
these models is that the each heat exchange component has uniform properties.  The 
condenser and evaporator are each modeled with uniform temperature and pressure as are 
the sorption beds.  Under such conditions, the adsorbent has uniform adsorbate content 
throughout each sorption bed.  The validity of this assumption depends on the sorption 
bed geometry and the thermal connection between the adsorbent and metal tubing.  
Nonetheless, the lumped parameter simulation can incorporate dissipations like heat and 
intra-particle mass transfer resistance, and in this way, reveal the detail of transient 
operation. 
 Cacciola et al. [19] modeled a two-bed adsorption heat pump with thermal energy 
recovery using a lumped parameter model that incorporated heat exchanger effectiveness 




particle mass transfer resistance by assuming that the equilibrium and instantaneous 
adsorbate contents were equal.  They plotted the temperature histories of the zeolite beds, 
condenser and evaporator.  The zeolite bed temperature was restricted to 200°C to avoid 
excessive sensible heating beyond the temperature at which the adsorbent is fully 
desiccated. 
 Saha et al. [3] utilized a lumped-parameter model but coupled it with log mean 
temperature difference heat transfer fluid energy balances instead of heat exchanger 
effectiveness.  The energy balances for the ads/desorbing bed and the heat transfer fluid 
in Saha et al.’s model are Eqs (5.1, 2). 
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Unlike Cacciola et al.’s lumped-parameter model, which assumed that the adsorbate 
content was instantaneously equal to the equilibrium value at the sorption bed 
temperature and pressure, the model of Saha et al. used the linear driving force (LDF) 
approximation to account for diffusive resistance.  In a later two-part paper, Saha et al. 
[149, 163] used an uptake-dependent heat of adsorption in a lumped-parameter model to 




 Chua et al. [4] applied a lumped-parameter model to their two-bed, silica gel-
water chiller.  They justified the lumped-parameter assumption by stating that the 40 mm-
diameter, adsorbent-covered tubes had a relatively small effective Biot number.  Also, 
they stated that the intentionally large void volume used in their design along with a thin 
adsorbent layer resulted in a nearly uniform bed pressure, which allowed them to neglect 
inter-particle resistance.  Chua et al.’s energy balances were similar to Saha et al.’s 
except a one-dimensional, segmented conservation equation was used to determine the 
heat transfer fluid outlet temperature instead of a log mean temperature difference.  The 
sorption bed and heat transfer fluid energy balances used by Chua et al. during the 
adsorption stage are Eqs (5.4, 5), respectively.  The flag δ is zero in the case of incidental 
desorption into the evaporator as a result of premature switching and one otherwise.  
Unlike Saha et al.’s model, which accounted for the tube and fin masses separately, Chua 
et al. lumped them into a total heat exchanger mass.  Also, Chua et al. accounted for 
energy convected by incoming/outgoing refrigerant during adsorption/desorption, 
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 Poyelle et al. [12] combined a detailed sorption bed mass transfer model (Eq 5.6) 
that accounted for both adsorbed and vapor phase mass with a lumped parameter energy 
balance. 
  t ads appdc dw uc D cdt dt      
  (5.6) 
The vapor-phase refrigerant velocity was determined using Darcy’s law, Eq (3.14).  
Whereas many investigators employing lumped parameter models have assumed a 
uniform temperature for the entire sorption bed, Poyelle et al. treated the adsorbent and 
adsorber shell separately to improve the accuracy of the prediction without greatly 
complicating their simulation.  They also accounted for heat losses to the environment 
using empirical heat transfer coefficients.  Douss et al. [18] and Douss and Meunier [14] 
also accounted for heat loss from the sorption beds to the ambient, but they did so using 
an order of magnitude estimate of heat loss percentage. 
 Lumped parameter models have been shown to agree reasonably well with 
experimental data.  For instance, Schicktanz and Núñez [65] reported that their model 
agreed with an experimental COP within 5% and cooling power within 1%.  Khan et al. 
[29] compared their lumped parameter simulation, which used a log mean temperature 
difference liquid energy balance, with experimental temperature histories for a two-stage 
heat pump.  They reported that the difference between prediction and experiment was less 
than 10% throughout a 1600 s cycle, and was greatest just after heat transfer fluid 
switching, as one might expect since the log mean temperature difference does not 
account for heat transfer fluid residence time.  Nevertheless, Khan et al.’s study, along 
with the distributed-parameter model in Chapter 4, provide enough evidence to support 




5.3 Development of Lumped-Parameter System-Level Model 
 The two-bed, lumped-parameter adsorption heat pump model relies on the 
calculation of adsorbent and refrigerant property histories.  Consequently, the fidelity of 
the performance predictions relies on the accuracy of the thermodynamic properties 
calculations.  In this section, relations for heat of adsorption, adsorbate specific volume, 
adsorbate specific heat and adsorbate enthalpy are obtained using classical 
thermodynamics.  Previous system-level models have assumed adsorbate properties to be 
identical to those for either saturated vapor or saturated liquid refrigerant; however, for 
ACF-ethanol and silica gel-water, it is shown here that that is not always a valid 
assumption.  The property relations are incorporated into the sorption bed energy balance, 
which is constructed from a basic form of the first law.  With these elements in place, the 
system-level model is used to compare the FD with the LDF diffusion model, the ACF-
ethanol with the silica gel-water working pair, and the non-recuperative with the 
recuperative heat pumps. 
5.3.1 Thermodynamic Properties of Working Pairs 
 
 Adsorbed phase refrigerant, or adsorbate, constitutes a thermodynamic state [152] 
that is different than that of the bulk or free vapor phase refrigerant.  In the present 
section, relations for the thermodynamic properties of interest are developed based on the 
work of Chakraborty et al. [75, 178] and Tien [152]. 
Heat of Adsorption 
 When adsorbate is either released from an adsorbent pore’s surface during 
desorption or deposited on a pore’s surface during adsorption, heat is used or released, 
respectively.  In general, the quantity of heat in question is a function of whether the 




constant volume and constant temperature, the quantity of heat resulting from a change in 
adsorbate mass is known as the differential heat of adsorption [152].  If, on the other 
hand, the process occurs at constant pressure and constant temperature, the quantity of 
heat is called the isosteric heat of adsorption.  While the pre-heating and pre-cooling 
stages of an adsorption cycle occur at quasi-constant volume and the desorption and 
adsorption stages occur at quasi-constant pressure, none of the stages occur at constant 
temperature.  Consequently, neither the differential heat of adsorption nor the isosteric 
heat of adsorption exactly describes the partial molar heat quantity ( apQ m  ); however, 
there is a precedence of using the isosteric heat of adsorption for all modes in adsorption 
refrigeration, which will be followed in this work.  It should be noted that the change in 
adsorbed mass during the pre-heating and pre-cooling stages is small and the error 
associated with using the isosteric heat instead of the differential heat of adsorption when 
modeling this stage is insignificant. 
 The relation for the isosteric heat of adsorption can be obtained by analyzing two 
systems: one composed of adsorbent and adsorbate and another composed of bulk vapor.  
The differential Gibbs free energy, dG, for the first system is Eq (5.7) [152].  The 
property relations, for the heat of adsorption and also the properties that follow, are 
developed on a molar basis and then converted to mass basis later. 
 ads ads ap apdG SdT VdP dn dn       (5.7) 
To remove the influence of the adsorbent, the differential Gibbs free energy for 
desiccated adsorbent, Eq (5.8), is subtracted from Eq (5.7) to yield Eq (5.9). 
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The difference terms in Eq (5.9) are rewritten by definition as the Gibbs free energy, 
entropy and volume of the adsorbed phase. 
 ap ap ap ap apdG S dT V dP dA dn       (5.10) 
In Eq (5.10), Eq (5.11) has been substituted for the adsorbent chemical potential term 
following the derivation in Tien [152], where π is the spreading pressure and A is the 
adsorbent surface area.  Since fixed bed adsorbers are used in adsorption refrigeration, dA 
is zero, and this term can be neglected henceforth. 
    0ads ads adsA n      (5.11) 
During isosteric modes, the adsorbate content, nap, is nearly constant, so dnap can safely 
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The order in which the derivatives on the left side of Eq (5.12) occur is inconsequential.  
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The bulk vapor phase is treated separately.  Using the property of exactness, it can be 
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Considering the case when the free vapor and adsorbed phase are in chemical 
equilibrium, dµap = dµg, yields Eq (5.16). 
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It is shown later in this Chapter that the adsorbate volume is nearly equal to that of liquid 
refrigerant under the range of typical operating conditions.  Thus, the partial molar 
volume is much smaller than the specific free vapor volume.  Consequently, Eq (5.17) 












  (5.18) 
It is shown in the next section that the free vapor does not depart greatly from ideal gas 
behavior, so the ideal gas law may be used to rewrite Eq (5.18) as Eq (5.19). 
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Either Eq (5.18) or Eq (19)  can be substituted into Eq (5.24) to yield a useful relation for 
the isosteric heat of adsorption. 
 Performing an energy balance on the bulk vapor/adsorbate system yields 
Eq (5.20) [152] where U is the internal energy. 




For a constant pressure, constant temperature sorption process like that for the isosteric 
heat of adsorption, this equation can be written as Eq (5.21). 
 g ap g ap, ,P T AdQ dU dU PdV PdV      (5.21) 
Substituting Eq (5.10) with dA equal to zero (i.e., dUap = TdSap-PdVap + µapdnap), and 
noting that the differential enthalpy for the vapor is, by definition for an isobaric process, 
given by the following equation, dHg = dUg + PdVg, yields Eq (5.22). 
 g ap ap ap, ,P T AdQ dH TdS dn     (5.22) 
The total amount of refrigerant is constant, dng = -dnap, so Eq (5.22) can be rewritten as 
Eq (5.23). 
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 (5.23) 
Rewriting this expression and substituting the definition of the vapor phase chemical 
potential, which is equal to the adsorbed phase chemical potential under equilibrium 
conditions, µap = µg = hg – Tsg yields Eq (5.24). 
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 (5.24) 
Substituting Eq (5.18) into Eq (5.24) yields the expression for the relation for the isosteric 
heat of adsorption, Eq (5.25). 
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Q PH v T
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        
 (5.25) 
Using Eq (5.19) instead of Eq (5.18) yields a similar result for ideal vapor phase: 
 2ads aplnH RT P T      .  With an adsorption isotherm, or uptake relation, Eq (5.25) 
is used to determine an expression for the heat released/generated during ads/desorption, 




 The isosteric heats of adsorption for working pairs modeled by the Tōth and 
Dubinin-Radushkevich (DR) equations, Eqs (5.26, 27), are developed.  The Tōth 
equation has been used to model water uptake in silica gel [22] while the DR equation 
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Note that Eq (5.25) can be rewritten for ideal bulk vapor as Eq (5.28) using the cyclic 
rule, where ΔHads [J/kg] is the amount of heat consumed or generated per unit mass 
adsorbate ads/desorbed (the units of Qst are [J/mol].  This notation does not exactly fit 
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 (5.31) 
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Eq (5.32) shows that ΔHads = ΔHads.  This seemingly trivial result independently validates 
Eq (5.28) since the isosteric heat of adsorption is constant for the Tōth equation [22]. 
 The isosteric heat of adsorption for a working pair modeled by the DR equation is 
developed in a slightly different manner following the work of Daou et al. [180].  This 
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Substituting this result into the ideal gas form of Eq (5.25) yields Eq (5.36). 
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(5.36) 
 In a 2006 paper, Chakraborty et al. [75] proposed an alternative form of the 
isosteric heat property relation, Eq (5.37), which they indicated accounts for non-ideality 
of the adsorbed phase.  The first term in Eq (5.37) is the van’t Hoff relation, or the ideal 
gas form of Eq (5.25).  It remains to be seen whether the second term is significant for 
common adsorption refrigeration working pairs such as silica gel-water under conditions 
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Adsorbate Specific Volume 
 In developing van’t Hoff’s relation, it was assumed that the specific volume of 
adsorbed phase was significantly smaller than that for refrigerant vapor.  To evaluate this 
assumption, an equation for the adsorbed phase volume is obtained.  The isosteric heat of 











The differential heat produced is given by -dQ = TdS  [75].  Substituting this relation into 
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 (5.39) 
The partial change in adsorbent entropy is neglected as was done in Chakraborty et al. 














To obtain a useful form of this equation, an expression for the partial adsorbed-phase 
entropy is needed.  This is obtained using the property of chemical potential.  From Tien 
[152], the differential adsorbed phase chemical potential is written as Eq (5.41) where, 
again, nap is the amount of adsorbed phase in moles, π is a property known as the 
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For the fixed bed adsorber commonly used in adsorption refrigeration, dA is zero, and as 
before, it is assumed that the specific volume does not change appreciably between the 
isosteric modes and isobaric modes of heat pump operation, so that dnap can be neglected.  
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 (5.42) 
Similarly, Tien [152] wrote the differential chemical potential for the bulk refrigerant 







     (5.43) 
Assuming that the bulk vapor and adsorbed phase is in phase equilibrium, dµap = dµg, 
Eqs (5.42 and 5.43) are equated to yields Eq (5.44) after dividing through by refrigerant 
molar mass.  This equation simplifies to Eq (5.45), again using the definitions of specific 
volume and specific entropy (e.g., ∂vap/∂map = vap =Vap/map). 
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Substituting this result into the partial mass version of Eq (5.40) and again using the 
definition of specific entropy, a variant of the isosteric heat of adsorption is obtained. 
  ads g ap dPH T v v dT    (5.46) 
Eq (5.46) is the same one found by Chakraborty et al. [75], who pointed out in a later 
paper [178] that the pressure derivative can be approximately rewritten as Eq (5.47).  The 
first pressure term on the right side is obtained using an adsorption isotherm (e.g. Tōth or 
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Dubinin) and the second term is obtained using the equation of state for pure refrigerant 
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 (5.47) 
Using Eqs (5.46, 47), an equation for adsorbed phase specific volume is obtained. 
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 (5.48) 
From the Clausius-Clapeyron relation, the partial derivative  wP T   can be rewritten 
as    2adsP H RT .  The virial equation of state (Eq (5.19) where M is the refrigerant 







   (5.49) 
The virial coefficient B (= B0·Σ[ai(T/100)bi]) for water refrigerant is obtained using the 
coefficients reported by Harvey and Lemmon [181].  Making these substitutions, 
Eq (5.48) is recast as Eq (5.50). 
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For comparison, and as a means to simplify later property relations that incorporate 
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The adsorbed phase specific volumes predicted by Eqs (5.50, 51) are plotted in Fig 5.1 as 
a function of temperature for pressures spanning the evaporator and condenser pressures 






Fig 5.1: Specific volumes of adsorbed phase for bulk vapor phases modeled by the 
virial and ideal gas equations of state 
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From Fig 5.1, it is apparent that even at the lowest pressures, which approximately 
correspond to those for the evaporator in a heat pump, the adsorbate specific volume is at 
least one order of magnitude lower than that for saturated vapor at corresponding 
temperature.  It is also clear that the ideal gas assumption is valid when calculating the 
adsorbate specific volumes for the water and ethanol since the isobars given by the virial 
and ideal gas equations of state yield coincident isobars for the representative operating 
conditions. 
Adsorbate Specific Heat 
 Earlier publications assumed the specific heat of the adsorbed phase to equal 
either the specific heat of saturated liquid [17] or saturated vapor.  Chakraborty et al. 
[178] devised a relation for the specific heat of the adsorbed phase, Eq (5.52). 
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 (5.52) 
For the silica gel-water pair, which has a constant isosteric heat of adsorption, the last 
partial derivative on the right-hand side of Eq (5.52) is zero.  Substituting the virial 
equation of state for the volume terms yields Eq (5.53). 
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 (5.53) 
When the water vapor is modeled by the ideal gas equation of state, the adsorbate specific 
heat for the silica gel-water pair is given by Eq (5.54). 
 p,ap p,g ads p,g
g
1 1 Rc c H c
T v P





Fig 5.2 compares the adsorbed phase specific heats for ACF-ethanol and silica gel-water, 
respectively, for the cases of real and ideal vapor behavior. 
The virial-derrived specific heats for 47/97°C decrease from 1865/1889 at 0.5 kPa to 
1801/1861 at 7.5 kPa.  The ideal gas specific heats for 47/97°C decrease from 1873/1887 









unaffected by the difference in the vapor-side models, the adsorbate specific heat depends 
more strongly on the vapor specific volume.  Notice that at the low pressure limit, the 
specific heats predicted using the virial equation of state converge toward those predicted 
using the ideal gas law.  Also, note that the specific heats of adsorbed ethanol and 
adsorbed water vary significantly with pressure and/or temperature.  It is therefore 
important to utilize these specific heat models in the system-level simulations rather than, 
for instance, assume constant specific heat values. 
Enthalpy 
 Following the work of Myers [182], the enthalpy of the adsorbent/adsorbate 
system is provided by Eq (5.55).  The contribution of the vapor phase refrigerant, which 
constitutes a small percentage of the sorption bed mass, is neglected [178]. 
 ads apH H H   (5.55) 
Diving both sides of Eq (5.55) by the adsorbent mass, it can be rewritten on a ‘per 
kilogram adsorbent mass’ basis. 
 ads aph h wh    (5.56) 
Differentiating Eq (5.56) and noting that the differential property relation is valid for 
fixed species composition yields Eq (5.57).  It may seem counter-intuitive to specify 
fixed species composition for the adsorbate given the large adsorbate content swing that 
occurs during the adsorption cycle; however, changes in enthalpy resulting from 
adsorbate content swing will arise naturally once the differential relation is integrated. 
 ads apdh dh wdh    (5.57) 
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 (5.58) 
Equivalent expressions (Eqs 5.59-61) [178, 182, 183] for the first, second and third terms 
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 (5.62) 
Substituting Eq (5.62) into Eq (5.57) yields the complete relation for the specific enthalpy 
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 (5.63) 
Because the thermal expansion coefficient and and operating pressures of interest are 
small compared with the specific heat term, Eq (5.63) is rewritten as Eq (5.64). 
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 (5.64) 
To obtain the integral property relations for the adsorbent, adsorbate system, Eq (5.64) is 
integrated between the reference state and final state in three steps: an isothermal process 
to low pressure/high specific volume (h’ref to h’ref*), an isobaric process to the state 
temperature (h’ref* to h’*) and a second isothermal process to the state pressure (h’* to 
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h’) [184].  The difference between the state and reference enthalpies is defined by 
Eq (5.65). 
      ref ref ref ref* * * *h h h h h h h h               (5.65) 
The components of Eq (5.65) are defined by Eqs (5.66-68).  Note that at the infinitesimal-
pressure star states, the uptakes w* and wref* approach zero. 
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Substituting Eq (5.51) for adsorbed-phase specific volume with ideal vapor phase and 
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 (5.70) 
Eq (5.70) has been written assuming that the isosteric heat of adsorption is quasi-
constant, which, as was shown, is the correct assumption for the Tōth equation for silica 
gel-water, and is an acceptable assumption for many other working pairs.  To determine 
whether this relation might be simplified, the specific adsorbed-phase enthalpy is plotted 
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in Fig 5.3 as a function of temperature along with an approximate equation that neglects 
the logarithmic term in Eq (5.70).  The reference temperature, pressure and uptake are all 
zero.  Because the exact and approximate equations are nearly coincident (differing by 
less than 0.1 percent), Eq (5.71) is used to calculate the adsorbate enthalpy in the system-
level models.  Note that the normalizing mass for h’ in Eq (5.71) is the adsorbent mass 
(i.e. H = mads·h’). 




5.3.2 Sorption Bed Balances 
 The energy balance for the sorption bed heat exchanger can be developed from 





Fig 5.3: Specific enthalpy of a) ethanol in activated carbon fiber (P = 2 kPa) and b) 
water in silica gel (P = 0.5 kPa) [Pref = Tref = wref = 0; Note: enthalpy changes 








     (5.72) 
 
 
The rate of change of internal energy in the sorption bed heat exchanger, adsorbent and 
adsorbed phase masses is given by Eq (5.73).  The change in vapor phase internal energy 
(Ug) has been neglected. 
 
       hx ads apsb d mu mu mud mu
dt dt
     (5.73) 
Applying the product rule to Eq (5.73), noting that changes in heat exchanger mass and 
adsorbent mass are zero, and substituting into Eq (5.72) yields Eq (5.74). 
 
       
apadshx
hx ads ads ap
in out in out
sb,htf sb,htf sb,r sb,r
dududu dwm m m w u
dt dt dt dt
mh mh mh mh
 
    
 
     
 (5.74) 
By definition, the internal energy of the adsorbed phase is (uap = hap-Pvap).  Since it was 
shown that the adsorbed phase has low specific volume, and because the operating 
pressures for water and ethanol refrigerants are low, it can be reasonably assumed that 
(uap ≈ hap) as previous investigators have done [36].  Substituting the expression for 
adsorbed-phase enthalpy, Eq (5.71), Eq (5.74) becomes Eq (5.75). 
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d h HdT
mc mc m wc m w
dt dt
dwmh mh mh mh m wc T h H
dt
  
          
           
 (5.75) 
Using a refrigerant mass balance, in outsb,r sb,rdw dt m m   , Eq (5.75) simplifies to Eq (5.76). 
 
   
 
   
g adssb
ads p,ap adshx ads
in out
ads p,ap adssb,htf sb,htf
d h HdT
mc mc m wc m w
dt dt
dwmh mh m wc T H
dt
  
          
      
 (5.76) 
Some investigators have assumed that the change in adsorbate content is zero during 
isosteric stages and neglected the last term on the right side of Eq (5.76) during pre-
heating and pre-cooling.  In the present study, both of these terms are maintained because 
during the isosteric stages, a small amount of adsorbate is either adsorbed or desorbed 
into the free volume of the sorption bed, which means that the change in adsorbate 
content, w, is non-zero. 
 The enthalpy of refrigerant vapor is determined using the criteria in Table 5.1.  
Under certain unfavorable conditions (e.g., premature switching), a bed connected to the 
condenser can adsorb, or a bed connected to the evaporator can desorb.  As a precaution, 
the lumped parameter model accounts for these occurrences.  The subscripts sc and sh in 
Table 5.1 indicate that the enthalpies of the refrigerant entering or leaving a sorption bed 
were assumed to be sub-cooled or superheated.  In the present study, a level of super-
heating or sub-cooling is assumed using a quarter of the difference between the heat 
exchanger temperature and the heat transfer fluid temperature.  For example, the 
temperature of superheated refrigerant leaving a heated sorption bed is assumed to be 
(Tsb,r,out = Tsb+(Tsb,htf,in- Tsb)/4).  The seemingly arbitrary divisor of four can be thought of 
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as a factor of safety over the idealized saturated assumption.  If the refrigerant pressure 
and temperature coincide with two-phase conditions during the iterations of the 
simulation, then the saturated vapor assumption is used during that iteration. 
 
The enthalpy of the outgoing heat transfer fluid, hout,sb,htf, is determined using the 
temperature predicted by the LMTD equation, Eq (5), as prescribed in [3].  The specific 
heat is evaluated at the mean of the inlet and outlet temperatures.  Water is used for the 
sorption bed heat transfer fluid 
     
out in sb




T T T T
mc
 





The instantaneous adsorbate concentration, w, is determined by either the finite volume 
FD solution or the LDF approximation, which were both discussed in Chapter 3.  Recall 
that when the LDF approximation is used, the mass transfer coefficient is found using 
Eq (5.78). 





  (5.78) 
In Eq (5.78), the apparent diffusivity is taken to equal the surface diffusivity for both 
ACF (A-20)-ethanol [149] and silica gel-water [22], or Dapp = Dsoexp(-Ea/RTsb)).  The 
conventional geometric parameter for the LDF, F0 = 8 and 15 for cylinders and spheres, 
is used in all cases.  Note that El-Sharkawy et al. [157] used the empirical geometric 
parameter to obtain the only available surface diffusivity correlation for the ACF (A-20)-
 
Table 5.1: Sorption bed vapor enthalpies 
 Connection Adsorption Desorption 
Bed Closed hg(Tsb,Psb) hg(Tsb,Psb) 
Heated Bed Connected to Condenser hg(Tc,sc,Pc) hg(Tsb,sh,Pc) 





ethanol working pair.  As suggested in the preceding sections, the equilibrium adsorbate 
content, w∞, is found using the Dubinin-Radushkevich equation, Eq (5.27), for ACF-
ethanol and the Tōth equation, Eq (5.26), is used for silica gel-water. 
5.3.3 Evaporator and Condenser Balances 
 The energy balance for the condenser is Eq (5.80), 
          in out in outc,r c,rc c,r c,rc,hx c,htf c,htf c,r c,r
du dmdTmc m mh mh mh mh u
dt dt dt
          (5.79) 
where mc,r is the mass of accumulated refrigerant in the condenser and uc,r is the internal 




Upon substituting a mass balance for refrigerant in the condenser, Eq (5.80) becomes Eq 
(5.81). 
 
     
   
in outc,rc
c,rc,hx c,htf c,htf
in in out out
c,r c,r c,r c,r c,r c,r
dudTmc m mh mh
dt dt
m h u m h u
  




Note that during isosteric times, the mass flow rate of refrigerant into the condenser is 
zero.  The condenser is air coupled; the air-side energy balance is Eq (5.82). 
 
Fig 5.5: Condenser or evaporator schematic 
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Similarly, the energy balance for the evaporator is Eq (5.83).  The variable me,r is the 
accumulated refrigerant mass in the evaporator and ue,r is its internal energy.  The 
temperature of the air at the outlet of the evaporator is governed by Eq (5.84). 
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Pressure drops in the two-phase heat exchangers and connecting piping are neglected in 
this model.  Initially, there is some accumulated refrigerant mass in the condenser, which 
remains constant throughout the cycle.  Refrigerant is desorbed from the sorption bed, 
flows into the condenser, where it pushes formerly accumulated refrigerant across an 
isenthalpic expansion device.  After expansion, refrigerant accumulates in the evaporator 
at a rate determined by the net desorption and adsorption rates of the two sorption beds. 
5.3.4 Solution Method and Assumptions  
 The constants for the diffusivity, Dubinin-Radushkevich and Tōth equations are 
shown in Table 3.1.  The heat transfer constants for the baseline ACF-ethanol and silica 
gel-water sorption beds are shown in Table 5.2.  Note that the heat exchanger mass, mhx, 
used in Eq (5.75) is the sum of the tube/fin mass, β·mads, and the shell mass, mshell.  
Lumping the shell mass along with the tube mass should yield a slightly conservative 
COP prediction because the refrigerant vapor between the shell and the tubes will reduce 
the heat transfer rate between the two sections.  For the finite-timed cycles, the lower heat 
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transfer rate will prevent some thermal energy from being stored in the shell mass during 
desorption, which would otherwise be expelled during the subsequent adsorption step. 
 
Table 5.2: Base conditions for ACF-ethanol and silica gel-water simulations 
ACF-Ethanol Silica Gel-Water 
Tdes,in  = 90°C Tdes,in = 90°C 
Tads,in = 35°C Tads,in = 35°C 
Tc,in = 35°C Tc,in = 35°C 
Te,in = 35°C Te,in = 35°C 
Phtf = Patm = 101.3 kPa Phtf = Patm = 101.3 kPa 
UAsb = 0.6 kW/K UAsb = 0.49 kW/K 
UAc = 0.84 kW/K UAc = 0.96 kW/K 
UAe = 0.23 kW/K UAe = 0.22 kW/K 
mads = 10 kg mads = 10 kg 
χads = 1.9 χads = 0.67 
Vsb,void = 0.13 m3 Vsb,void = 0.024 m3 
mshell = 20.5 kg mshell = 5.4 kg 
mc = 2.8 kg mc = 2.8 kg 
me = 2.1 kg me = 1.7 kg 
CATdes = 2°C CATdes = 2°C 
htf,des 0.5m   kg/s htf,des 0.5m   kg/s 
htf,ads 0.5m   kg/s htf,ads 0.5m   kg/s 
htf,c 0.6V   m
3/s htf,c 0.6V   m
3/s 
htf,e 0.06V   m
3/s htf,e 0.06V   m
3/s 
dp = 6.5 µm dp = 0.3 mm 




The sorption bed heat transfer fluids are switched when the desorber temperature is 
within 2°C of the inlet fluid temperature, or CATdes = 2°C.  The lengths of the isosteric 
modes are determined using the pressure of the pre-cooling bed.  When the pressure of 
the pre-cooling bed becomes 0.1 kPa less than the pressure of the evaporator, the 
refrigerant control valves are opened to change from pre-cooling to adsorption or pre-
heating to desorption.  These two switching conditions allow each of the two heat pumps 
to operate closer to their ideal conditions, rather than by imposing cyle or isosteric times. 
 Water is the sorption bed coupling fluid while the condenser and evaporator are 
both air coupled.  All ethanol, water, air and aluminum heat exchanger properties have 
been evaluated using the Engineering Equation Solver properties database [185].  Eqs 
(5.75-84) are solved simultaneously using a forward difference method developed in 
Engineering Equation Solver [185].  The advantage of this platform is that specific heats 
and other properties, which change slowly but noticeably, can be continually updated.  A 
time step of 0.5 s is used.  The step sensitivity, shown in Appendix B, reveals that the 
accuracy improvement for smaller steps would be negligible.  The Trapezoid Rule was 
used to integrate the instantaneous cooling and heating duties for COP calculation.  The 
initial conditions for Eqs (5.75, 81, and 83) are provided in Table 5.3. 
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Note that the initial uptakes for each bed in the ACF-ethanol and silica gel-water heat 
pumps are different.  If the refrigerant control valves in a heat pump are left open at 
shutdown, refrigerant will be redistributed until the uptakes are equal for both beds.  On 
the other hand, if the refrigerant valves are kept closed at shutdown, the sorption 
capacities of the beds will remain intact until the subsequent startup.  Doing so decreases 
startup time, which is critical for on-demand cooling and short trips in mobile 
applications.  Note that locking the refrigerant valves precludes the use of check valves, 
which have been proposed for some systems as a way to simplify switching. 
 Using the conditions in Table 5.2, the bounding LDF error can be evaluated.  
Recall that the dimensionless half-cycle time is θcyc = Dapp·tcyc/rp2.  Using the source 
temperature of 90°C, the minimum diffusivity for the ACF-ethanol and silica gel-water 
working pairs are 7.2×10-15 and 1.9×10-11 m2/s, respectively.  It is shown that the 
ads/desorption modes for both working pairs are greater than 800 s.  For an 800 s 
ads/desorption with the design particle sizes (Table 5.2), these diffusivities correspond to 
dimensionless half-cycle times of 0.55 for ACF and 0.68 for silica gel.  Using the 
Table 5.3: Initial conditions for system-level simulations 
ACF-Ethanol Silica Gel-Water 
Tsb1|t=0 = Tsb1,o = 35°C Tsb1|t=0 = Tsb1,o = 35°C 
Tsb2|t=0 = Tsb2,o = 35°C Tsb2|t=0 = Tsb2,o = 35°C 
Tc|t=0 = Tc,o = 35°C Tc|t=0 = Tc,o = 35°C 
Te|t=0 = Te,o = 35°C Te|t=0 = Te,o = 35°C 
wsb1|t=0 = 0.45 kg/kg wsb1|t=0 = 0.12 kg/kg 
wsb2|t=0 =  0.22 kg/kg wsb2|t=0 = 0.05 kg/kg 
ΔHads,sb1|t=0 = ΔHads(Tsb1,o, wsb1|t=0) ΔHads,sb1|t=0 = 2693 kJ/kg 
ΔHads,sb2|t=0 = ΔHads(Tsb2, wsb2|t=0) ΔHads,sb2|t=0 = 2693 kJ/kg 
uc|t=0 = u(Tc,o,x=0.5) uc|t=0 = u(Tc,o,x=0.5) 
ue|t=0 = u(Te,o,x=0.5) ue|t=0 = u(Te,o,x=0.5) 
me,acc|t=0 = 2.0 kg me,acc|t=0 = 1.5 kg 
mc,acc|t=0 = 0.1 kg mc,acc|t=0 = 0.1 kg 




equilibrium uptakes [w∞(Thot = 90°C,Tcond = 35°C) and wini(Tcool = 35°C,Tevap = 5°C)], the 
dimensionless adsorbate content, γ =(wini - w∞)/w∞, is 0.55 for ACF and 0.60 for silica 
gel.  The step-change uptake errors predicted by Eqs (3.44, 45) yield maximum LDF 
errors of 0.9 percent for ACF and 0.1 percent for silica gel.  Given the significant 
reduction in computation time (by about 50 percent for this two-bed system model), these 
errors are deemed sufficiently low that the LDF approximation is used next.  As a result 
of heat transfer resistance, the actual LDF error may be noticeably smaller.  Although it is 
convenient for the case being studied, the coincidental validity of the LDF for these 
particular heat pumps should not be interpreted to mean that the LDF is always a 
reasonable approximation for adsorption heat pumps or even for the ACF-ethanol and 
silica gel-water working pairs.  Changes in operating temperatures, sorption bed heating 
or cooling rate, cycle time and particle size may yield significant LDF error, so the 
bounding error given by Eqs (3.44, 45) should always be evaluated before adopting the 
LDF approximation. 
 Beyond the use of the LDF, the assumptions in this simulation are as follows: 
 Temperatures and refrigerant-side pressures are transient, but uniform within 
each heat exchanger. 
 Parasitic refrigerant-side pressure drops are neglected in all heat exchangers 
and connecting piping. 
 The sorption beds, tube lines, condenser and evaporator are well insulated 
 All desorbed refrigerant reaches the condenser 
 LMTD applies for the coupling fluids 
The first assumption is inherent in the lumped parameter model, and it was validated for 
the sorption bed in Chapter 4 since the outlet heat transfer fluid temperature and 
instantaneous uptake were nearly identical for both the distributed-parameter and 
lumped-parameter models.  The second assumption implies that changes in saturation 
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temperature of refrigerant in the air-coupled heat exchangers are neglected.  In the next 
section, the pressure drops are shown to be relatively small, which makes this a 
reasonable assumption; however, it should be noted that pressure losses in the system will 
also affect equilibrium uptake in the sorption bed.  Even though the pressure losses in the 
air-coupled ethanol and water heat exchangers are small, the effect of this assumption 
should be evaluated in future work.  The third assumption regarding insulation allows 
parasitic heat loss to the environment to be neglected.  Even with this insulation, 
premature refrigerant condensation on the sorption bed shell can arise during the 
desorption stage as a result of thermal lag.  If the bed is designed improperly, condensate 
formed on the sorption bed shell will remain idle until the adsorption mode when it is 
evaporated and re-adsorbed.  Because this condensate evaporation does not occur in the 
evaporator, it yields no net cooling effect, so it should be avoided.  It is assumed that 
bed/condenser connections are such that any condensate formed on the shell wall would 
drain to the condenser.  Note that other investigators have not explicitly addressed this 
assumption in their models and that it may be a primary reason for the discrepancy 
between the modeled and experimental COPs reported in Chapter 2.  The LMTD 
assumption has been applied repeatedly by other investigators [3, 31, 149]. 
5.3.5 Condenser and Evaporator Sizing 
 The condensers and evaporators for both systems are air-coupled as they would be 
in an automobile.  Flat tubes with multi-louver fins were utilized for the air-coupled heat 
exchangers.  The tube and fin dimensions that are common for both the ACF and silica 
gel heat pumps are listed in Table 5.4.  The geometric parameters for the air-coupled heat 





The air flow rates, as noted in Table 5.2, are set to 0.3 m3/s for the ethanol and water 
condensers.  The air flow rates for the ethanol and water evaporators are 0.06 m3/s.  Also, 
as noted in Table 5.2, the inlet air temperatures are 35°C for both condensers and both 
evaporators.  At 35°C, the saturation pressures of ethanol and water are 23.1 and 5.6 kPa, 
respectively.  At 5°C, the saturation pressures of ethanol and water are 2.3 and 0.87 kPa, 
respectively.  To minimize pressure drop in the low-pressure heat pumps, the horizontal 
evaporator and condenser tubes are arranged in parallel rows and columns.  The requisite 
tube length and number of rows and columns are presented in Table 5.5 along with the 
two-phase pressure drops.  The air-side heat transfer coefficient is calculated using the 
correlation of Sunden and Svantesson [187].  The correlation of Dobson and Chato in the 
 
Fig 5.6: Air-coupled heat exchanger schematic (adapted from Garimella et al. [172]) 
Table 5.4: Common tube and fin dimensions for ethanol and water two-phase heat 
exchangers (adapted from Garimella et al. [172, 186]) 
pfin = 1.27 mm Louver Angle: 25° 
tfin = 0.114 mm Htube,in = 2.159 mm 
Hcenter = 5.334 mm ttube = 0.318 mm 
Wlouv = 1.143 mm Wtube = 25.4 mm 
Nrib = 3 trib = 0.114 mm 
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condensation function in EES [185] is used to calculated the tube-side heat transfer 
coefficient for the condenser while the Chen correlation [188] is used to calculate the 
tube-side heat transfer coefficient for the evaporator.  The Lockhart-Martinelli relation is 
used for the pressure drop calculation.  The heat exchanger UAs (Table 5.2) and pressure 
drops are determined using a heat exchanger model with ten segments. 
 
 The pressure loss is calculated assuming inlet and outlet qualities of zero and one 
for the evaporator and one and zero for the condenser, respectively.  Without this 
assumption, the outlet qualities and consequent pressure losses vary with the saturation 
temperatures of the air-coupled heat exchangers, which cannot be determined without a 
system-level energy balance.  The pressure drops listed in Table 5.5 are for the maximum 
Table 5.5: Characterization of ethanol and water condensers and evaporators 
Ethanol Water 
Number of parallel condenser tubes: 25 Number of parallel condenser tubes: 25 
Condenser tube length: 1.0 m Condenser tube length: 1.0 m 
Number of parallel evaporator tubes: 40 Number of parallel evaporator tubes: 35 
Evaporator tube length: 0.40 m Evaporator tube length: 0.40 m 
ΔPF,c @ 7 g/s total for all tubes: 150 Pa ΔPF,c @ 2 g/s total for all tubes: 51 Pa 
ΔPF,e @ 7 g/s total for all tubes: 113 Pa ΔPF,e @ 2 g/s total for all tubes: 76 Pa 
href,c @ 2 g/s for all tubes = 3900 W/(m2-K) href,c @ 0.8 g/s for all tubes = 17,100 W/(m2- K) 
hair,c = 180 W/(m2-K), Vair = 4.7 m/s* hair,c = 180 W/(m2-K), Vair = 4.7 m/s* 
href,e @ 2 g/s for all tubes = 970 W/(m2-K) href,e @ 2 g/s for all tubes = 1,260 W/(m2-K) 
hair,e = 86 W/(m2-K), Vair = 0.74 m/s* hair,e = 90 W/(m2-K), Vair = 0.85 m/s* 
Aref,c = 1.6 m2 Aref,c = 1.6 m2 
Aref,e = 1.0 m2 Aref,e = 0.90 m2 
Aair,c,d = 1.25 m2 Aair,c,d = 1.25 m2 
Aair,c,id = 5.02 m2 Aair,c,id = 5.02 m2 
Aair,e,d = 0.80 m2 Aair,e,d = 0.70 m2 
Aair,e,id = 3.12 m2 Aair,e,id = 2.75 m2 
εfin,c = 0.97 εfin,c = 0.97 
εfin,e = 0.98 εfin,e = 0.98 
Rair,c = 9.8×10-4 K/W; Rref,c = 1.8×10-4 K/W Rair,c = 9.8×10-4 K/W; Rref,c = 4.0×10-5 K/W 
Rair,e = 3.3×10-3 K/W; Rref,e = 1.1×10-3 K/W Rair,e = 3.6×10-3 K/W; Rref,e = 9.2×10-4 K/W 
*Reported air velocity corresponds to the core velocity, or the average velocity through 




expected refrigerant flow rates (based on previous experience with the system model); 
throughout the cycle, the average pressure drops will be noticeably less.  For the ACF-
ethanol heat pump, the maximum condenser and evaporator pressure drops comprise 1.1 
and 5.0 percent of the operating pressures of those components, respectively.  For the 
silica gel-water heat pump, the maximum condenser and evaporator pressure drops 
comprise 0.9 and 8.7 percent of the operating pressures of those components.  Although 
further work is needed to quantify any refrigerant misdistributions in the system, these 
results indicate that a) the internal refrigerant flow arrangement is suitable for the present 
mobile application, b) the evaporator temperature glide would not be very large (i.e., less 
than 0.8°C for ethanol and less than 1.3°C for water) and c) the system-level model 
assumption neglecting pressure drop is reasonable.  Fig 5.7 illustrates the change in 
pressure drops for the ethanol and water two-phase heat exchangers as a function of 
refrigerant mass flow rate; as expected, the frictional pressure loss decreases with 
decreasing mass flow rate.  Note that with the parallel tube arrangement, the refrigerant 
mass fluxes are less than for typical vapor compression systems, thus ensuring small 













5.4 Non-Recuperative Results and Discussion 
 The temperature histories for the two sorption beds, condenser and evaporator are 





Fig 5.8: Temperature histories for non-recuperative, two-bed, ACF-ethanol heat 




In Fig (5.8a), all heat exchanger temperatures are initially 35°C.  Sorption Bed 1 is heated 
to desorb and reaches a maximum temperature of 88°C in the first half-cycle.  Sorption 
Bed 2 initially adsorbs, which generates adsorption heat and increases its temperature to a 
maximum of 43.8°C before the circulating coolant can cool it to near-ambient 
temperature.  At the conclusion of the first half-cycle, 933 s, the heat transfer fluids are 
switched.  Sorption Bed 1 becomes the adsorbing bed and is cooled from 88°C to 39.5°C 
at the conclusion of the first full cycle.  Sorption Bed 2 desorbs and is heated from 
39.1°C to 88°C.  Fig (5.8a) shows that the sorption bed, condenser and evaporator 
temperatures achieve cyclical steady state within approximately threehalf-cycles (i.e., the 
component temperatures at the conclusion of each half cycle vary by 0.1°C or less).  At 
cyclic steady state, the condenser operates between 30.5 and 37.4°C while the evaporator 
operates between 1.8 and 23.3°C.  The condenser temperature drops below ambient for 
an instant just after bed switching because refrigerant is adsorbed by the bed being 
heated.  The average evaporator temperature at cyclic steady state is 7.0°C, which is 
somewhat higher than the target value of 5°C.  
 To illustrate the detailed temperature trends, Fig (5.8b) shows the temperature 
histories during heat transfer fluid switching at cyclical steady state.  Just before t = 3696 
s, Beds 2 approaches 88°C, the switching temperature for the system, marking the end of 
the desorption and adsorption modes.  When the refrigerant valves close at 3696 s, the 
isosteric processes begin.  Sorption Bed 2 is pre-cooled from 88°C down to 68.0°C by 
3741 s, the end of the isosteric mode.  Sorption Bed 2 is pre-heated from 39.6 to 57.6°C 
at the end of the isosteric mode.  The 18.0°C temperature change for the pre-heating bed 
is less than the 20.0°C temperature change for the pre-cooling bed even though the 
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desorbing and adsorbing flow rates are both 0.5 kg/s because the pre-cooling bed has 
more adsorbed refrigerant and greater heat capacity.  Note that the changes in 
temperature for the two beds are out of phase so that the cycle would lend itself to 
internal recuperation.  This is explored in the next section.  When the refrigerant valves 
open to begin the ads/desorption processes, there is a corresponding change in the rate of 
temperature change since ads/desorption heat is released/used. 
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 The temperature histories for the silica gel-water sorption bed are plotted in 





Fig 5.9: Temperature histories for non-recuperative, two-bed, silica gel-water heat 
pump a) from startup and b) at cyclic steady state 
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In Fig 5.9a, the silica gel-water chiller achieves cyclic steady state within about 
 three half-cycles.  At cyclic steady-state, Fig 5.9b shows that the temperatures of the 
desorbing and adsorbing beds just before switching at t = 3185 s are 88°C and 40.8°C, 
respectively.  The maximum condenser temperature is 42.4°C.  The minimum evaporator 
temperature is 2.2°C, and the maximum evaporator temperature is 18.3°C during bed 
switching.  The average evaporator temperature at cyclic steady state is 7.0°C. 
 Because the heat capacities and adsorption heats of the ACF-ethanol and silica 
gel-water heat pumps are different, the time to achieve the 2°C closest approach 
temperature in the desorber is different for the two devices.  Similarly, the time for the 
pre-cooling beds to reach the evaporator pressure are not the same.  The cyclical steady 
state half-cycle time and isosteric mode time for the ACF-ethanol heat pump are 910 and 
45 s, respectively.  The cyclical steady state half-cycle time and isosteric mode time for 
the silica gel-water heat pump are 770 and 27.5 s, respectively. 
 For both working pairs, the evaporator temperature is near the target value of 5ºC 
during a significant portion of the cycle.  The evaporator in the ACF heat pump has a 
temperature less than 5°C during 43 percent of the cycle and a temperature less than 
12.5°C over 88 percent of the cycle.  The evaporator in the silica gel-water heat pump has 
a temperature less than 5°C during 37 percent of the cycle and a temperature less than 
12.5°C during 93 percent of the cycle time.  Throughout the entire cycle, the evaporator 
temperature changes by 21.4 and 18.0°C for ACF-ethanol and silica gel-water, 






Integrating the last full cycles shown in Fig 5.10, the average outlet air temperatures for 
the ACF-ethanol and silica gel-water chillers are 8.3 and 8.1°C, respectively.  The outlet 
air temperature for the ACF chiller oscillates between 3.3 and 23.7°C, and that for the 
silica gel chiller oscillates between 3.8 and 20.9°C.  Most of the temperature rise occurs 
during the isosteric modes during which air continues to be blown over the evaporator.  
For most cooling applications, and especially air conditioning, constant evaporator 
temperature is generally desirable.  In this work, steady heat transfer fluid flow rates have 
been used; however, the sorption bed coolant flow rates and evaporator air flow rate 
could be actively controlled to dampen the evaporator temperature variation.  Future 
work should be devoted to evaporator temperature control. 
 Fig 5.11 shows the instantaneous heat input rate and cooling duty for the ACF and 
silica gel heat pumps. 
 




The maximum heat input rate occurs at the beginning of each pre-heating mode when the 
temperature difference between the cool bed and hot heat transfer fluid is greatest.  At 









the ACF and silica gel heat pumps, respectively.  The minimum instantaneous cooling 
duties occur just after bed switching when no evaporation takes place (only sensible 
cooling); the minima at cyclic steady state are 0.79 and 1.0 kW for the ACF and silica gel 
systems, respectively.  The maximum cooling rates (2.31 and 2.26 kW) occur 
approximately 310 and 185 s after the beginning of the adsorption mode for ACF and 
silica gel, respectively, when the adsorption rate is high.  The integrated, or average, 
heating and cooling rates are 4.73 and 1.94 kW, respectively, for the ACF heat pump.  
This corresponds to an ACF SCP of 97 W per kilogram adsorbent.  The silica gel heat 
pump has integrated heating and cooling rates of 3.53 and 1.93 kW, respectively, for a 
SCP of 97 W per kilogram adsorbent.  It should be noted that although the SCPs are 
equal, the SCP only accounts for the adsorbent mass, by definition.  The total silica gel 
sorption bed mass is less than the total ACF sorption bed mass. 
 One of the well known problems with adsorption systems is that a great deal of 
heat is used to thermally cycle the inert sorption bed masses.  During the isosteric heating 
and desorption modes, the ACF bed temperature increases by 48.5°C in the non-
recuperative heat pump.  With aluminum bed material (chx =  0.92 kJ·kg-1·K-1), the 
20.5 kg shell and 19 kg tubes (1.9×10 kg), use 1800 kJ, or 41 percent, of the total 4300 kJ 
during the isosteric heating and desorption modes.  The bed in the non-recuperative silica 
gel chiller experiences a 47.2°C temperature swing for which the 5.4 kg silica gel bed 
shell and 6.7 kg of tubing require 530 kJ, or 19 percent, of the total 2700 kJ supplied 
during the isosteric heating and desorption stages.  Because a smaller portion of the total 
heat input is devoted to cycling the inert metal mass in the silica gel heat pump, the silica 
gel heat pump, as shown in a subsequent figure, has a higher COP. 
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 Figs (5.12 a,b) show the sorption bed pressure histories.  The effects of initial 
conditions on pressure history are seen to subside by the third cycle when cyclical steady 





Fig 5.12b shows the bed pressure histories at cyclic steady state after 3650 s of operation.  
Just before t = 3696 s, Beds 1 and 2, approach the end of their desorption and adsorption 






Fig 5.12: Instantaneous pressure for sorption beds in non-recuperative two-bed 
ACF-ethanol heat pump a) from initial time and b) at cyclic steady state 
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cooled to induce a small amount of adsorption, which causes the pressure to decrease 
from 14.1 kPa to 5.8 kPa at the conclusion of the isosteric cooling mode.  Similarly, Bed 
2 desorbs a small amount of vapor into its void space during pre-heating, which causes 
the pressure to increase from 3.0 kPa to 7.1 kPa during the isosteric mode.  At t = 3742 s, 
the appropriate control valves open connecting Bed 1 with the evaporator and Bed 2 with 
the condenser.  Just before that time, the pressure of Bed 2 is lower than that of the 
condenser (Pc = 13.7 kPa), which causes a small amount of adsorption to occur initially 
and is responsible for the periodic drop in condenser temperature to 31.0°C displayed in 
Fig 5.8.  As time elapses and the bed temperature rises, its sorption rate reverses so that it 
desorbs into the condenser.  One hundred and fourty five seconds after the end of 
isosteric heating, the desorption rate reaches a maximum value of 4.9 g of refrigerant per 
second.  The occurance of this maximum desorption rate nearly coincides with the 
maximum Bed 2/condenser pressure of 15.6 kPa at 144 s after isosteric heating.  The 
Bed 2/condenser pressure tapers off as the desorption rate decreases with time and the 
condenser cools.  As Bed 1 is cooled, it adsorbs evaporated refrigerant to drive the 
cooling process.  As the adsorption rate reaches its maximum, the evaporator reaches its 
lowest pressure of 1.8 kPa (seen in Fig 5.12a approximately 275 s after the end of the 
isosteric mode), which corresponds to the minimum evaporator temperature in Fig 5.8.  
The subsequent increase in evaporator pressure and temperature arise as Bed 2 
approaches equilibrium and the adsorption rate decreases. 
 Figs (5.13 a,b) exhibit the pressure histories for the silica gel heat pump, which 




The pressure histories for the silica gel-water heat pump are similar to those for the ACF-
ethanol machine; however, the operating pressures for the silica gel-water working pair 





Fig 5.13: Instantaneous pressure for sorption beds in non-recuperative two-bed 
silica gel-water heat pump a) from initial time and b) at cyclic steady state 
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pre-cooled bed is slightly under-pressurized when it is connected to the evaporator 
following the isosteric cooling mode at t = 3210 s.  As a result, adsorption begins 
immediately after switching to induce cooling. 
 The uptake histories for the ACF-ethanol and silica gel-water heat pumps are 
shown in Fig 5.14.  This figure visually reinforces how short the isosteric switching 




By the third half-cycle, the uptake at the end of the ads/desorption stages varies by less 
than 0.001 kg/kg compared with the subsequent cycle for both working pairs.  Thus, the 






Fig 5.14: Instantaneous uptake for non-recuperative two-bed heat pump 
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of the isosteric modes at cyclical-steady-state, the ethanol uptakes in Fig 5.14 are 0.24 
and 0.44 kg/kg, which corresponds to 0.2 kg of refrigerant throughput per kilogram 
adsorbent during each half-cycle.  Note that the small amount of adsorption (0.44 kg/kg 
to 0.46 kg/kg) that occurs when the pre-heated bed connects with the condenser arises 
from the pressure difference discussed for Fig 5.8.  The water uptakes in Fig 5.14 are 
0.046 kg/kg and 0.110 kg/kg, which correspond to 0.064 kg of refrigerant throughput 
during each half cycle per kilogram adsorbent.  Despite the lower refrigerant throughput, 
the silica gel-water heat pump has a slightly higher cooling duty than the ACF-ethanol 
heat pump, largely as a result of the higher latent heat of vaporization of water 
refrigerant.  In both Figs (5.14 a,b), the instantaneous uptake histories begin to level off 
near the end of each desorption mode; however, the uptake histories in Figs (5.14 a,b) do 
not exhibit the same asymptotic behavior as the bed temperature history plots in 
Figs (5.8a, 5.9,a) even though the equilibrium uptake is directly linked to adsorbent 
temperature.  This is because the intra-particle mass transfer resistance dampens the 
sorption rates so that the approach to equilibrium uptake lags behind the thermal response 
of the sorption bed. 
 The instantaneous COPs, calculated using Eq (5.84) are shown in Fig (5.15) for 
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For the operating conditions specified in the present study, silica gel-water yields a higher 
coefficient of performance than ACF-ethanol.  At cyclical steady state, the silica gel-
water heat pump has a COP of 0.53 compared with 0.41 for ACF-ethanol.  One reason 
for the higher efficiency of the silica gel-water heat pump is its more favorable 
metal/adsorbent mass ratio, which ultimately arises out of the higher silica gel density as 
described in Chapter 4. 
 Figs (5.16 a,b) show the Clausius-Clapeyron diagrams for the two working pairs 
operating at cyclic steady state. 
 
 
Fig 5.15: Instantaneous COP for non-recuperative two-bed heat pumps employing 




In these Figures, the blue squares of the actual state point paths are equally spaced in 
time.  These paths depart somewhat from the idealized ones because the idealized paths 






Fig 5.16: Clausius-Clapeyron diagrams for non-recuperative two-bed heat pump 
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specified evaporator and condenser temperatures.  As an example of this difference, the 
evaporator temperature at the end of the adsorption mode for silica gel-water is 10.3°C, 
not 5°C as assumed for the ideal Clausius-Clapeyron diagram.  As a result of this higher 
evaporator temperature, the uptake during the subsequent heating stage is 0.111 kg/kg 
rather than the 0.10 kg/kg.  This sort of difference between the idealized thermodynamic 
model and the transient, lumped-parameter model may result in differences in COP 
prediction.  If the end-of-cycle adsorber and desorber temperatures (40.8 and 88°C, 
respectively), and the pressures corresponding to the end-of-cycle condenser and 
evaporator temperatures (36.3 and 10.3°C) are used as inputs for the thermodynamic 
model of Chapter 4 instead of the original target values, the upper limit for the silica gel-
water heat pump COP is 0.54.  As a result of intra-particle mass transfer resistance in the 
system, the transient system model COP prediction is slightly less: 0.53.  It should be 
noted that these final component temperatures, and the corrected thermodynamic COP, 
cannot be calculated without information from the model.  If the target component 
temperatures (Tdes/Tads/Tc/Te = 88/37/37/5°C) are used in the thermodynamic model to 
calculate COP, the result is 0.45, which is not a good prediction of actual performance.  
The differences between the system model predictions and the ideal Clausius-Clapeyron 
diagrams emphasizes why transient models are needed to accurately predict heat pump 
COP.  Moreover, since the idealized thermodynamic model does not simulate transient 
properties histories, it cannot be used to predict SCP as has been done using the lumped-
parameter model. 
5.5 Thermal Energy Recovery Results and Discussion 
 With the baseline heat pump performance quantified and discussed in Section 5.4, 
in this section, methods to increase COP by introducing recuperative modes to the cycle 
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are explored.  In this section, closed-loop thermal energy recovery is used to reduce the 
amount of external source energy that must be supplied to the desorber.  At the 
conclusion of the desorption/adsorption stages, the desorbed bed is hot and the adsorbed 
bed is cool.  Thermal energy recovered from the hot bed is used to pre-heat the cool bed 
during the ensuing isosteric period.  Heat transfer fluid is circulated to transfer heat 
between the beds until the highest fluid temperature in the closed loop falls to within 5°C 
of the pre-heating bed temperature.  Smaller closest approach temperatures (CATs) could 
be used to recover more heat, but if the CAT is too small, then there could be a significant 
decrease in evaporator cooling duty.  No external heat is supplied until the CAT is 
reached, at which point circulation of the heat-source-coupled and coolant-reservoir 
coupled heat transfer fluids is resumed for the remainder of the half-cycle.  In general, the 
duration of the energy recovery mode may encompass or exceed that of the isosteric 
mode depending on the CAT specified, and sorption bed properties.  The piping 
schematic for a two-bed heat pump with closed-loop recovery is shown in Fig 5.17.  It 
should be noted that the closed-loop energy recovery method does not require more 





 Because a significantly larger portion of the  external heat input is used to cycle 
the temperature of the inert metal mass in the the ACF-ethanol heat pump (41 percent) 
than in the silica gel-water heat pump (19 percent), it is expected that the ACF-ethanol 
device will benefit more from thermal energy recovery.  To determine the percentage 
enhancement for both recuperative chillers, a 0.5 kg/s recuperating water flow rate is 
specified, which is the same as the baseline flow rate during all other modes.  All flow 
rates, heat exchanger sizes and other system inputs are the same as for the baseline cases 
outlined in Table 5.1.  The heating and cooling rates for the recuperative and non-








Like the non-recuperative heat pump, the closed-loop energy recuperating version 
achieves cyclical steady state within three half-cycles.  It can be seen in the figure that the 





Fig 5.18: Instantaneous heating and cooling rates for non-recuperative and closed 
loop energy recovery two-bed chillers 
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also reduced.  The average heat input rates at cyclical steady state are 4.7 and 3.3 kW for 
the non-recuperative and closed-loop recuperative ACF chillers, respectively.  The 
average heat input rates for the non-recuperative and closed-loop recuperative silica gel 
chillers are 3.5 and 2.9 kW, respectively.  The integrated cooling output is slightly 
reduced.  The integrated cooling rates for the closed-loop non-recuperative and 
recuperative ACF chillers are 1.94 and 1.78 kW, respectively.  The integrated cooling 
rates for the non-recuperative and recuperative silica gel chiller are 1.93 and 1.82 kW, 
respectively.  The cooling power is reduced as a result of the lower time-averaged heat 
transfer fluid inlet temperature for the desorber and higher time-averaged inlet 
temperature for the adsorber during the energy recuperation mode. 
 To illustrate the differences between desorber heating for the cycles, the changes 
in heating rates for a half-cycle at cyclic steady state are discussed.  When the beds in a 
recuperative heat pump switch roles, the external heat input rate for the energy 
recuperating chiller falls to zero since external heating ceases.  At cyclic steady state in 
the ACF chiller, the recuperation mode lasts for 154 s.  When external heating is resumed 
in the recuperative chiller, the desorber heat input reaches a maximum of 12.6 kW 
compared with the maximum of 26.3 kW in the non-recuperative ACF chiller (52 percent 
reduction).  In the silica gel chiller, the recuperation mode lasts for 84 s.  Note that the 
recuperative mode is shorter than that for the ACF chiller because the silica gel sorption 
bed has less capacitance but the heat transfer fluid flow rate is the same for both working 
pairs.  The maximum heat input rate when heating resumes in the silica gel chiller is 
11.4 kW compared with the maximum of 21.4 kW for the non-recuperative chiller 
(47 percent reduction).  Lower maximum heating rate is advantageous because it lessens 
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external heat input requirement and the impact an engine-coolant-powered heat pump 
would have on the engine itself, thus making the cooling system less invasive.  
Alternatively, if coupling fluid reservoirs are used to dampen temperature fluctuations, 
the lower source heating requirement allows these reservoirs to made smaller, more 
compact. 
 The switching closest approach temperature, 2°C, and the condition for switching 
out of the isosteric mode, a pressure difference between the pre-cooling bed and 
evaporator of 0.1 kPa, remain unchanged for the recuperative heat pumps; however, 
because the inlet heat transfer fluid temperatures for the desorber and adsorber are no 
longer constant values, the cycle and isosteric times are not the same for the energy 
recuperating heat pump.  The half-cycle time for the non-recuperative and recuperative 
ACF-ethanol heat pumps are 910 and 1040 s, and the isosteric times are 45 and 76.5, 
respectively.  The half-cycle time for the non-recuperative and recuperative silica gel-
water heat pumps are 770 and 850 s, and the isosteric times are 27.5 and 50 s, 
respectively.  The longer half-cycle times and isosteric times are to be expected since the 
average desorber heating rate is less in the energy recuperating heat pump. 
   Despite the lower cooling output, the decrease in external heating input yields a 





The instantaneous COP is initially zero for both the energy recuperating and non-
recuperative heat pumps before cooling begins.  During the first half-cycle, the COPs are 






Fig 5.19: Instantaneous COP for heat pumps with and without energy recovery 
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mode does not begin until the second half cycle.  At the beginning of the second isosteric 
stage, the COP of the non-recuperative chiller immediately decreases since there is a 
reduction in cooling output and an increase in external heat input rate.  The COP for the 
recuperating chiller, on the other hand, however, continues to increases because there is 
zero external heat input but sensible cooling persists in the evaporator.  As time elapses, 
the total energy recuperated increases and the COPs of the recuperating chillers become 
significantly higher than those of the non-recuperating chillers.  The cyclical steady state 
COPs for the non-recuperative and recuperative ACF heat pumps are 0.41 and 0.54, 
respectively (32 percent increase.)  The COPs for the non-recuperative and recuperative 
silica gel heat pumps are 0.53 and 0.64 respectively (21 percent increase.).  As expected, 
the percentage increase for the recuperative ACF-ethanol heat pump is larger than that for 
the silica gel-water heat pump because of the greater metal mass of the ACF sorption 
beds. 
 As a final note regarding thermal energy recovery, it should be pointed out that it 
may be preferred not to incorporate closed-loop energy recuperation in applications for 
which high cooling duty is the ultimate goal, since closed-loop recuperation does 
decrease the cooling rate slightly.  On the other hand, in applications where the heat 
pump can be oversized slightly to account for any loss in SCP, closed-loop energy 
recuperation improves heat utilization with minimal, if any, additional system 
complexity. 
5.6 Conclusions from System-Level Study 
 Thermodynamic property relations for adsorption working pairs were developed 
using methods reported by Tien [152] and Chakraborty et al. [178].  Adsorption 
isotherms and the virial equation of state were substituted into these property relations to 
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determine the isosteric heat of adsorption, adsorbate specific volume, adsorbate specific 
heat and adsorbate enthalpy for the ACF-ethanol and silica gel-water working pairs.  It 
was shown that the Tóth equation (defined in Table 3.1) yields a constant isosteric heat of 
adsorption while the Dubinin-Radushkevich equation (also defined in Table 3.1) results 
in an isosteric heat of adsorption relation of the form “latent heat of vaporization” + 
“additional term(s)”.  The adsorbed phase specific volume was shown to be at least one 
order of magnitude less than that for saturated refrigerant vapor, which in conjunction 
with the low operating pressures of interests for the ACF and silica gel heat pumps, 
allowed the adsorbed phase internal energy to be approximated as the adsorbed phase 
enthalpy (i.e., uap ≈ hap). 
 The thermodynamic properties were used along with the First Law of 
Thermodynamics and refrigerant mass balance to develop a system-level model for two-
bed, non-recuperative heat pumps utilizing both ACF-ethanol and silica gel-water.  The 
component temperatures, heat rate and pressure histories were plotted along with the 
uptake histories.  The lumped-parameter modeling technique depicted nuances of the 
adsorption cycle including changes in bed temperature, pressure and uptake associated 
with switching heat transfer fluid temperature and condenser/evaporator connections.  In 
all cases, the heat pumps achieved cyclical steady state within three or four half-cycles. 
 The system-level model presented in this Chapter showed that silica gel-water is a 
better working pair than ACF-ethanol for the engine-waste heat powered air conditioner 
studied in this work.  For the operating conditions considered here, the cyclical steady 
state performance for the non-recuperative heat pumps were found to be: 
 ACF-ethanol: COP = 0.41 and SCP = 97 W/kg 
 Silica gel-water: COP = 0.53 and SCP = 97 W/kg 
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 The higher COP for the silica gel heat pump is attributed to the lower metal-
adsorbent mass ratio (0.67 for silica gel compared with 1.9 for ACF) and lower shell 
mass (5.4 kg for silica gel compared with 20.5 kg for ACF).  Note that the model 
assumed that the shell changes temperature at the same rate as the rest of the sorption 
bed.  Thermal energy used to heat the shell could be conserved by insulating the inside of 
the sorption bed heat exchanger.  This is in contrast to steady state absorption heat pumps 
in which external insulation is sufficient. 
 The cycled-averaged evaporator temperatures for the ACF-ethanol and silica gel-
water heat pumps were found to be 7.0 and 7.0°C, which are acceptably close to the 5°C 
target.  Although silica gel-water outperforms ACF-ethanol for the specified air 
conditioning conditions, ACF-ethanol can be used to generate sub-zero evaporator 
temperatures for ice making, high-heat-flux cooling or other low-temperature processes 
sometimes needed onboard vehicles.  Also, with the ACF-ethanol air conditioner, short 
periods of sub-zero evaporator temperature may be tolerated before air-side ice formation 
blocks the evaporator air stream.  This reduces the reliance on delicate control systems 
and the risk of damage to the heat pump during winter dormancy. 
 Using closed-loop energy recovery, it was found that: 
 the ACF heat pump COP could be increased by 32 
 the silica gel heat pump COP could be increased by 21 percent 
 
over the non-recuperative heat pump under the specified conditions.  In addition to 
increasing efficiency, the energy recovery scheme decreases the maximum sorption bed 
heating rate by 52 percent for the ACF unit and 47 percent for silica gel unit.  This 
reduction is significant in mobile applications because it can reduce the requisite size of 
the heat transfer fluid reservoir(s), thereby decreasing system weight. 
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 The evaporator temperature history plotted in this Chapter showed that evaporator 
temperature fluctuation is significant.  This issue should be addressed in future work 
before the adsorption heat pump is viable for commercial mobile air conditioning.  Other 
investigators [4] have used large refrigerant reservoirs or a third sorption bed [10, 116] to 
dampen this fluctuation during isosteric switching; however, mobile applications mandate 
lightweight systems and would require a different solution.  One alternative would be to 
actively control the sorption bed heat transfer fluid and evaporator air flow rates.  
Another method for steadying the air-side outlet temperature would be to use a phase 
change material (PCM) coupled to the evaporator.  Both coupling fluid flow rate control 
and PCM-enhanced evaporators should be investigated as part of future work. 
 The system-level study conducted in this Chapter is the culmination of the 
adsorbent particle and sorption bed investigations presented in Chapters 3 and 4.  The 
results of the particle-size optimization and annular-finned tube optimization were used 
in the system-level study to obtain ACF and silica gel heat pump COPs at or above the 
averages reported in the literature for two-bed, non-regenerative heat pumps.  In the case 
of the non-recuperative, two-bed silica gel-water heat pump, the predicted COP of 0.53 is 
quite high, especially considering that the source, ambient and average evaporator 
temperatures, 90, 35, and 7.0°C are rather stringent.  This is, of course, a COP predicted 
using simulation, not an experimentally validated value.  It is subject to the assumptions 
listed for this Chapter and should not be directly compared with, for instance, COPs for 
single effect Li-Br or ammonia-water absorption cycles for the 90°C/35°C/7.0°C 
operating temperatures since the absorption heat pump has a steady evaporator 
temperature.  It should be noted, however, that this COP has been predicted for heat 
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pumps employing basic packed silica gel adsorbent and aluminum annular-finned tubes.  
If an advanced composite working pair or tube configuration were used, the predicted 
COP may in fact be higher than predicted.  Similarly, thermal interface material or binder 
could be used to decrease the contact heat transfer resistance between the adsorbent and 





CHAPTER 6  
CONCLUSIONS AND RECOMMENDATIONS 
 
 This work has explored adsorption heat pumps for vehicular waste heat 
applications.  Rather than utilizing high-temperature exhaust waste heat as has been done 
elsewhere, this study sought to determine whether automotive engine coolant at 90°C is 
suitable for driving the system.  Nominal adsorber and condenser coolant inlet 
temperatures of 35°C, and a target evaporator temperature of 5°C, were chosen to 
represent operational parameters.  Similarly, a target cooling load of 1.3 kW was chosen. 
6.1 Findings from Prior Work 
 A thorough review of the adsorption literature on cycle configurations, working 
pair types, sorption bed heat/mass exchanger designs and applications was conducted.  It 
was found that a multitude of cycle types are available to meet source temperature, 
cooling duty, evaporator temperature stability, hardware complexity or COP 
requirements.  If a simple design is required, the single-bed heat pump may be used; 
however, it suffers from longer intermittency between periods of evaporative cooling.  To 
resolve this problem, two or more beds are cycled out of phase so that adsorption and 
evaporative cooling occur during a greater portion of the cycle.  Multi-stage heat pumps 
have been proposed for utilizing source heat at 50°C or lower.  Vacuum chamber chillers 
are used frequently with low-pressure refrigerant to mitigate parasitic pressure losses 
between the beds, condenser and evaporator. 
 Various means of thermal energy recuperation have been proposed for adsorption 
heat pumps.  Cascaded chillers recuperate heat by using the heat of adsorption of a high-
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temperature cycle to drive the desorption mode for a low-temperature bottoming cycle.  
Thermal energy can also be recuperated internally by closed-loop recovery, partitioned 
bed recovery [25] and passive energy recovery.  The thermal wave and convective 
thermal wave heat pumps are intrinsically recuperative.  Additionally, the thermal wave 
design eliminates the heat transfer fluid switching valves needed in the conventional two-
bed heat pump. 
 Representative average values of modeled and experimental COPs reported in the 
literature for various heat pump configurations were obtained.  Non-recuperative two bed 
adsorption chillers reported in the literature have COPs of around 0.4.  Two bed systems 
with recuperation have slightly higher COP values: 0.39 experimental and 0.54 modeled.  
The thermal wave chillers have experimental and modeled COPs of 0.72 and 0.89, 
respectively; however, it should again be noted that most thermal wave devices reported 
in the literature have been driven by source temperatures in excess of 220°C compared 
with the sub-100°C temperatures often used for conventional two-bed adsorption heat 
pumps employing silica gel-water and carbon-hydrocarbon working pairs.  A discussion 
of physical adsorption working pairs was provided.  The appropriateness of different 
working pairs for given operating conditions can be determined using a parameter, Φ, 
which is the product of the refrigerant latent heat of vaporization and the change in 
uptake between states ‘4’ and ‘1’ in the Clausius-Clapeyron diagram ( 5.15).  For 90°C 
source, 35°C ambient and 5°C evaporator temperature, ACF-ethanol has a Φ value of 
428 kJ per kilogram adsorbent while silica gel-water, the next highest of the six pairs 
considered, has a Φ value of 168 kJ per kilogram adsorbent.  The Φ value is a good 
metric for identifying candidate working pairs for a set of known operating conditions, 
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but it does not account for heat or mass transfer resistances that occur in a heat pump.  
Transient models are needed to determine the candidate working pair that performs best. 
 In many cases, the sorption bed heat exchanger is the bottleneck of the adsorption 
heat pump.  A great deal of effort has been expended to improve heat and mass transfer 
rates in this component.  Different bed configurations have been proposed with the 
intention of enhancing the thermal coupling between the adsorbent and heat source/sink.  
Shell and tube [50], finned-tube [116], fin matrix [66], metallic foam matrix [107], plate 
[57] and heat pipe [131] heat/mass exchanger configurations have all been studied.  
Various adsorbent configurations have also been studied including, in order of increasing 
complexity, packed bed, consolidated adsorbent, adsorbent-binder compound and 
synthesized adsorbent.  The adsorbent configuration affects the wall contact coefficient 
and effective conductivity of the adsorbent layer.  Packed adsorbent generally has the 
worst heat transfer parameters but, if sized correctly, tends to have good mass transfer 
permeability while also being resistant to damage due to mild vibration or shock in 
mobile applications. 
 The findings in the literature were used to make some general design decisions.  
Of the heat pump configurations proposed in the literature, the conventional (i.e., not 
thermal wave or vacuum chamber) two-bed adsorption chiller was selected for further 
investigation because it posed a suitable combination of simplicity and evaporator 
temperature stability (at least more stable than single-bed heat pumps) for the mobile 
application considered here.  The two-bed chiller was also selected because it presented 
an opportunity for thermal energy recuperation.    The closed-loop recovery method was 
selected for study in this work because it does not require more pumps or switching 
 
 315 
valves than the non-recuperative two-bed heat pump.  Based on their Φ values at 90°C 
source temperature, ACF-ethanol and silica gel-water were selected for comparison in 
this work.  Simple sorption bed design is a necessity for mobile air conditioning, so the 
annular-finned tube with packed adsorbent was selected.  In spite of the many fin types 
and adsorbent configurations proposed in the literature, this thesis is the first reporting 
basic tube and particle size optimization to the knowledge of this author.  Several 
questions pertaining to this heat pump configuration have not been addressed in the 
literature: 
1) Under what circumstances may the LDF approximation for intra-particle diffusion 
mass transfer be used? 
 
2) What adsorbent particle size is optimal for minimizing the net mass transfer 
resistance for a given set of operating and geometric conditions (inter- and intra-
particle)? 
  
3) What geometry for annular-finned tubes, which are often utilized in sorption bed 
heat/mass exchangers, yields desirable heat transfer performance while 
maintaining low metal-adsorbent mass ratio? 
  
4) Can the lumped-parameter modeling technique be utilized to yield accurate heat 
and mass transfer predictions in a system model? 
  
5) Is silica gel-water or ACF-ethanol the better working pair for a two-bed heat pump 
driven by low source temperature? 
 
These questions have been addressed in Chapters 3 – 5. 
6.2 Adsorbent Particle-level 
 Using a one-dimensional, distributed parameter model, the intra-particle mass 
transfer and heat transfer resistances were shown to be more dominant resistances than 
inter-particle resistance for the ACF-ethanol and silica gel-water working pairs for 
particle sizes, adsorbent layer thickness, operating temperatures and operating pressures 
relevant to this study.  Therefore, a detailed study of intra-particle diffusion in spheres 
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and long, cylindrical fibers was conducted using 1) an analytical isothermal step change 
model and 2.) using the one-dimensional, distributed parameter model 
 In the intra-particle diffusion study, the linear driving force (LDF) approximation, 
which is used to calculate the average uptake for a particle, was compared directly with 
the Fickian diffusion equation on which the LDF is based.  The LDF can be used to 
reduce the complexity of an adsorption heat pump model; however, it has generally been 
adopted in the literature without validation.  To determine the conditions under which the 
LDF approximation may be used for spheres and long cylindrical fibers, first, the 
analytical solutions to the FD equations for isothermal diffusion following a step change 
in adsorbent temperature were compared directly to the analytical solution to the linear 
driving force approximation.  Under these conditions, the analytical solutions revealed 
that the relative LDF error is greatest for small dimensionless half-cycle times, 
θcyc = Dapp·t/rp2, and for operating conditions that yield large differences between initial 
and equilibrium uptake (i.e., large dimensionless adsorbate content, γ).  To this author’s 
knowledge, the dependence of LDF error on uptake, and, by extension, on the source and 
sink heat transfer fluid temperatures for a system, has not been reported in the adsorption 
literature.  The LDF error was expressed as a function of both θcyc and γ, and an error 
map was developed to assist the heat pump modeler in determining whether the LDF 
approximation yields acceptable diffusion results for a particular application.  In the 
event that it does not, the finite volume method (FVM) was used to develop a numerical 
solution to the FD equation.  This FVM result can be implemented in any transient heat 
pump model, but it should be noted that it requires more variables than the LDF and 
increases simulation run time considerably. 
 
 317 
 Although the adsorbent contained in sorption bed heat exchangers experiences 
abrupt changes in pressure and temperature, those changes are not instantaneous, so the 
isothermal step change in surface uptake is an idealized representation of the adsorption 
in a heat pump with heat and mass transfer resistances.  In Chapter 3, it was shown that 
the LDF error for this step change idealization exceeds that of any other boundary 
condition with slower changes due to the inclusion of resistances.  Therefore, the LDF 
error map (which depends on θcyc and γ ) yields the bounding error for a given source 
temperature, condenser pressure, sink temperature and evaporator pressure.  The LDF 
error was then evaluated for non-isothermal ACF and silica gel layers under 
representative heat pump conditions, with inter-particle mass transfer resistance included.  
Under these conditions, the LDF error was found to depend on time, particle radius and 
operating temperatures, just as observed in the analytical study. 
 The distributed-parameter adsorbent layer model was used to optimize silica gel 
particle diameter.  Large silica gel particles yield high permeability but low intra-particle 
diffusion rates, while small silica gel particles yield low permeability and high intra-
particle diffusion rates.  At some intermediate particle diameter, about 0.2 mm in this 
case, these effects balance to yield the best performing particle size.  A diameter of 
1.42 mm for silica gel diameter has been used in another study [22] for a different 
sorption bed geometry.  A distributed-parameter adsorbent layer modeled revealed that 
the larger particle size is not well suited for the geometry of interest in this work; the 
smaller particle size yielded more than 90 percent improvement in adsorption half-cycle 
time.  This reduction in cycle time translates to increased cooling duty and demonstrates 
the importance of tailoring the particle diameter to the design conditions at hand.  A 
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slightly larger particle diameter of 0.3 mm was selected for use in the system-level 
models because it yielded only marginally lower performance while providing a margin 
of safety to account for the non-uniformity and uncertainty in particle diameters in an 
actual packed layer.  Coincidentally, the optimized silica gel particle diameter was found 
to yield negligible LDF error in the LDF study.  With the 0.3 mm particle, inter-particle 
resistance was shown to affect uptake history by less than two percent and was therefore 
neglected in all subsequent models. 
6.3 Sorption Bed Component Level 
 The annular-finned tube configuration was specified for the sorption bed 
heat/mass exchanger.  The annular-finned tube provides a robust foundation for use 
onboard a vehicle.  One goal of the present study was to determine if this type of 
heat/mass exchanger, with packed adsorbent could be optimized to yield adequately high 
performance without the use of thermal interface materials or conduction enhancement 
by compacting or the use of material binder.  The second objective of the sorption bed 
study was to evaluate the lumped-parameter models that are so often used in system-level 
heat pump simulations. 
 To optimize the sorption bed, a thermal resistance model that incorporated film 
resistance in the heat transfer fluid, conductive resistance in the heat exchanger tube, 
contact resistance between the tube and adsorbent, and conductive resistance in the 
adsorbent segments between fins was developed.  The tube diameter, fin pitch and fin 
height (diameter) were varied to determine 1) the number of tubes that would be needed 
to support 10 kg of ACF or silica gel and 2) the effect of geometry on thermal 
conductance, 3) metal-adsorbent mass ratio and 4) coefficient of performance.  The 
volumetric conductance [W/K per m3 of sorption bed volume] was found to increase 
 
 319 
rapidly as the fin pitch and height were reduced to small values; however, small fin 
height and pitch also caused the specific tube count [per kilogram adsorbent] and metal-
adsorbent mass ratio to increase asymptotically.  The increased metal-adsorbent mass 
ratio causes the COP to asymptotically decrease toward zero as more source heat is 
required to thermally cycle the sorption bed.  Tube diameter has a different effect; small 
tube diameter increases the volumetric conductance, but it also decreases the sensitivity 
of COP to the other geometric parameters such as fin pitch.  An outer tube diameter of 
2.1 mm was selected to limit the tube count to 1240 for ACF and 720 for silica gel.  The 
selected ACF fin pitch and height of 7 mm yielded a metal-adsorbent mass ratio of 1.9.  
The 3 mm fin pitch and height selected for the silica gel heat pump resulted in an 
adsorbent-mass ratio of 0.67.  These mass ratios do not include the required shell mass, 
which was calculated to be 20.5 and 5.4 kg for ACF and silica gel, respectively.  For the 
2.1 mm-diameter tube with 3 mm fin height and pitch, it was shown that improving wall 
heat transfer coefficient can have a significant effect on sorption bed performance; using 
binders or thermal interface material, the wall coefficient can be increased from the 
baseline value of 45 W/(m-K) for silica gel to 180 or even 800 W/(m-K) [55, 56]. 
 To evaluate the accuracy of the conductance values calculated with the thermal 
resistance model, an azimuthally-symmetric, two-dimensional distributed-parameter 
simulation of an annular-finned tube covered with silica gel particles was developed.  The 
distributed-parameter simulation revealed that the temperature gradients within the 
adsorbent segments between fins was greatest at the beginning of the isosteric mode, just 
after switching, and reach 16°C for the segment nearest the tube entrance after 10 s of 
heating.  The temperature gradient along the axis of the tube was also shown to be most 
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significant soon after heating began: after 30 s of heating, the temperature difference 
between the center nodes of the inlet and outlet adsorbent segments was 16.8°C.  The 
temperature gradients within and between individual adsorbent segments were shown to 
subside as time elapsed.  The temperature of the heat transfer fluid leaving the sorption 
bed in the distributed-parameter model was then compared with that predicted using a 
lumped-parameter sorption bed model incorporating the thermal conductance obtained 
using a thermal resistance model.  The fluid temperatures matched very closely, which 
suggested that 1) the thermal resistance UA calculation yielded accurate results and 2) 
that the lumped-parameter model was sufficient for the sorption bed considered in this 
work.  The net uptake values predicted by the distributed- and lumped-parameter models 
were also compared; they were nearly identical, which supported the conclusion that the 
lumped-parameter model is acceptable in this case. 
6.4 System-Level 
 Lumped-parameter simulations of two-bed ACF-ethanol and silica gel-water heat 
pumps were developed.  Thermodynamic property relations for the isosteric heat of 
adsorption, adsorbate specific volume, and adsorbent/adsorbate enthalpy were developed.  
The Dubinin-Radushkevich isotherm and Tóth isotherm were substituted into the 
property relations for ACF-ethanol and silica gel-water, respectively.  Where vapor-side 
models were needed in these property relations, the virial equation of state was used for 
both ethanol and water.  It was shown that the specific volume of the adsorbed phase is at 
least one order of magnitude lower than that for saturated vapor at a given temperature 
and pressure.  It was shown that the ethanol and water adsorbed phase specific enthalpies 
are between those for saturated liquid and saturated vapor for temperatures of interest in 
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this work.  This enthalpy, which depends on the adsorbed phase specific heat, was used in 
the development of the lumped-parameter sorption bed model. 
 The lumped-parameter sorption bed model was developed using the First Law of 
Thermodynamics, refrigerant mass balance and the log mean temperature difference 
relation for the heat transfer fluid.  The optimal particle sizes determined in Chapter 3 
were used along with the overall bed conductances (UAoverall), metal-adsorbent mass 
ratios and other sorption bed parameters calculated in Chapter 4.  The temperature, 
heating rate, pressure, uptake and COP histories for the ACF-ethanol and silica gel-water 
heat pumps driven by 90°C source temperature and 35°C ambient temperature were 
plotted for a cycle in which bed switching was determined by a 2°C closest approach 
temperature between the incoming source fluid and the desorber.  The isosteric mode 
time was set by the condition that the pressure of the pre-cooling bed must be 0.1 kPa less 
than that of the evaporator. During a large portion of the cycle, the evaporator 
temperatures were at or below the target 5°C temperature when constant air flow rates 
were used; however, it was shown that the evaporator temperatures fluctuated by as much 
as 21.4 and 18.0°C during a single half-cycle for the ACF and silica gel heat pumps, 
respectively.  Under these conditions, the silica gel-water heat pump yielded a superior 
COP: 0.53 for silica gel-water compared with 0.41 for ACF-ethanol.  The difference in 
COP was attributed largely to the difference in metal-adsorbent mass ratios for the two 
heat pumps, which arose from the different apparent densities for the adsorbents.  It 
should be pointed out that the silica gel COP is somewhat higher than the average 
modeled value reported in Chapter 2 for non-recuperative two-bed chillers in the 
literature (i.e., 0.44.)  The difference is attributed to the utilization of a near optimal silica 
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gel particle diameter and optimized annular finned tube geometry with low metal-
adsorbent mass ratio. 
 The SCPs for the ACF and silica gel heat pumps were both 97 W/kg; however, 
SCP, by definition, does not account for the sorption bed metal mass.  The silica gel-
water heat pump yields more cooling per unit total bed mass.    The SCP values are 
predicted for sorption bed heat exchangers that do not employ thermal interface material 
or other heat transfer enhancement techniques.  If such techniques were used, the specific 
cooling power could be significantly higher.  With 20 kg of adsorbent, the silica gel-
water and ACF-ethanol heat pumps yielded 1.94 and 1.93 kW of cooling, which both 
exceed the target value of 1.3 kW.  It should be noted that including pressure losses in the 
two-phase heat exchangers and inter-connecting piping will reduce the predicted cooling 
duties by a small amount. 
 In mobile applications, heat pump system mass is an important factor in 
evaluating feasibility.  While the overall mass will depend on the choice of valves, 
pumps, two-phase heat exchangers, heat transfer fluid reservoirs and other auxiliary 
equipment, the sorption bed would likely be the most massive component for the present 
design and may determine to a large extent the relative masses of the ACF and silica gel 
heat pumps.  In each design, the adsorbent mass was set to 10 kg per bed or 20 kg total.  
The metal-adsorbent mass ratios for the aluminum tubes were calculated to be 1.9 for 
ACF and 0.67 for silica gel.  If 6.35 mm-thick aluminum sheet metal were used to 
enclose the 1240 ACF-covered tubes and 720 silica gel-covered tubes in each bed, the 
shell mass would be 20.5 kg for ACF-ethanol and 5.4 kg for silica gel.  Note that the 
ACF-covered tubes have a fin diameter of 16.1 mm compared with 8.1 for the silica gel-
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covered tubes.  Combining the masses of the adsorbent, tubes and shell, the ACF bed 
mass would be 99 kg (218.3 lbs) and the silica gel bed mass would be 44.2 kg (97.4 lbs).  
Given its higher COP, higher SCP and lower bed mass for the rated conditions, the silica 
gel-water heat pump would be the preferred candidate for the present air conditioning 
application.  Of course, in other applications that require sub-zero temperatures such as 
ice making thermal storage or cargo freezing, water refrigerant would be unusable. 
 Closed-loop thermal energy recuperation was also investigated in Chapter 5.  
Recuperating energy reduces the average external heating rate from 4.7 to 3.3 kW for the 
ACF heat pump and from 3.5 to 2.9 kW for the silica gel heat pump.  A consequence of 
recuperation is that the time-averaged source temperature supplied to the desorber is 
lower than that for the non-recuperative chiller.  Similarly, the time-averaged coolant 
temperature supplied to the adsorber increases.  Together, these changes decrease the 
refrigerant throughput slightly, which results in lower average cooling power (from 1.94 
to 1.78 kW for ACF-ethanol and 1.93 to 1.82 kW for silica gel).  Despite the decrease in 
cooling power, energy recovery yields a net increase in COP due to the larger decrease in 
heat input.  For ACF-ethanol and silica gel-water, closed-loop recuperative COPs at 
cyclical-steady-state were 0.54 and 0.64, respectively.  These figures represent 
enhancements of 32 and 21 percent for the ACF and silica gel heat pumps, respectively.  
It should be emphasized that these COP values are numerical predictions, not 
experimentally demonstrated results.  Nevertheless, they were obtained with basic packed 
silica gel and aluminum annular-finned tubes, which suggest that the efficiency of 
conventional two-bed, recuperative adsorption chillers can be increased beyond what is 
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typically reported in the literature if the adsorbent particle size and tube geometry are 
optimized. 
 In addition to increasing efficiency, thermal energy recovery also reduced the 
maximum external heating requirement from 26.3 to 12.6 kW for ACF and from 21.4 to 
11.4 kW for silica gel.  This is beneficial because it reduces the amount of fluctuation in 
the heat transfer fluid reservoir temperature and may enable any heat transfer fluid 
reservoirs to be decreased in size and weight.  Closed-loop energy recovery should 
probably be utilized for the present automotive application, as it yields appreciable 
performance gains without increasing the number of pumps or switching valves needed. 
6.5 Recommendations for Future Work 
 The present work has shown that silica gel-water adsorption heat pumps driven by 
engine waste heat may be suitable for air conditioning aboard a vehicle.  With some 
additional work, the evaporator temperature may be better controlled and the system 
mass may be reduced to make the decision more clear.  Specifically, the following 
research should be conducted: 
 Evaporator temperature control: the system-level study revealed that 
evaporator temperature fluctuation is quite substantial during the isosteric stages 
when no evaporation occurrs.  Some investigations have used sensible energy 
storage in massive evaporators and other techniques to smooth evaporator 
temperature; however, in mobile applications, this is impractical.  A more feasible 
control methodology would involve the tempering of the air-side evaporator flow 
rate and control of sorption bed coupling fluids.  Alternatively, the temperature of 
the evaporator could be made more uniform by integrating it with a phase change 
material (PCM) that could be cooled to a solid by evaporation on the refrigerant 
side and then melted at constant (or nearly constant) temperature as it transfers 
heat to the air side during the isosteric switching modes.  To the author’s 




 Sorption bed heat transfer enhancement techniques: contact coefficients and 
effective conductivities for packed adsorbent have been used in the present study.  
Binders, adsorbent synthesis, metal foams, and other techniques may do a great 
deal to improve heat/mass transfer rates and reduce the required size and mass of 
the sorption bed. 
 
 Importance of refrigerant pressure drop: in the present study, inter-particle 
pressure drop was shown to be negligible for the adsorbent layer thicknesses of 
interest.  In all system-level models appearing in the literature, other refrigerant 
pressure losses in the interconnecting piping and two-phase heat exchangers have 
been neglected as they were in this study.  Although the two-phase pressure drops 
in the condenser and evaporator were shown to be small for the tube geometry 
and mass flow rates of interest here, the extent to which these and other such 
pressure losses reduce refrigerant throughput should be quantified in future work. 
 
 Second-Law analysis of system-level performance: all of the models presented 
in this thesis have been First-Law models.  There have been some attempts in the 
literature to develop transient, Second-Law models to identify the barriers to 
adsorption heat pump efficiency.  This area invites more investigation. 
 
 Comparison of advanced working pairs: Activated carbon fiber and silica gel 
were selected for the present study because of their compatibility with low source 
temperatures.  Other working pairs, particularly those employing compound 
adsorbents, may yield superior performance. 
 
 Other cycle types: many different cycle configurations were discussed in 
Chapter 2.  In the present mobile waste heat application, the two-bed cycle was 
chosen for its simplicity.  Derivatives of the two-bed cycle may yield better 
performance.  Principally among these, the mass recovery heat pump requires just 
one additional refrigerant valve and should be studied in future work.  Also, for 
higher-temperature applications, the thermal wave configuration has been shown 
to yield COP values approaching 1.0 and should be investigated for mobile 





VALIDITY OF THE FICKIAN DIFFUSION EQUATION 
 
 The differential refrigerant mass balance in one dimension [146] assuming 
diffusivities are constant over the adsorption range of interest is Eq (A1).  In this 
equation, n is zero for slabs, one for cylinders and two for spheres. 
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Using an isotherm, such as Henry’s isotherm, Eq (A2), for small changes in uptake, Eq 
(A1) can be rewritten solely in terms of the adsorbed phase concentration, Eq (A3). 
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The right side of this equation is combined into a single term as shown in Eq (A4).  The 
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The terms on the left side of Eq (A4) can also be combined as shown in Eq (A5), or more 
generally (A6), to yield the Fickian diffusion equation.  The apparent diffusivity is 
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     (A8) 
Do [146] reported that for most solid-vapor adsorption systems, the Henry constant is on 
the order of 10 to 1000, and therefore, Eq (A8) can be further approximated as Eq (A9). 
 app sD D  (A9) 
Saha et al. [149] and Chua et al. [22] (referring to [166]) both used surface diffusivity 
correlations for the apparent diffusivity of the ACF (A-20)-ethanol and silica gel-water 







Particle-Level Mass Transfer in Chapter 3 
 The effects of time increment, number of layer segments, and number of finite 
particle volumes on uptake and temperature for the innermost and outermost nodes in the 




Table B.1: Grid sensitivity for inter- and intra-particle modeling (t = 100 s) 
Silica Gel 
 Top Node Bottom Node 
Time Increment 
w 10 = 0.02806; T10 = 55.078 
w 5 = 0.02809; T5 = 54.850 
w 1 = 0.02811; T1 = 54.705 
w 0.2 = 0.02811; T0.2 = 54.679 
w 10 = 0.02920; T25 = 46.406 
w 5 = 0.02919;T5 = 46.306 
w 1 = 0.02918; T1 = 46.239 
w 0.2 = 0.02918; T0.2 = 46.228 
Number of Layer 
Segments 
w 5 = 0.02811;T5 = 54.580 
w 15 = 0.02811;T15 = 54.703 
w 25 = 0.02811; T25 = 54.705 
w 30 = 0.02811; T30 = 54.705 
w 5 = 0.02905;T5 = 46.930 
w 15 = 0.02917; T15 = 46.292 
w 25 = 0.02918; T25 = 46.239 
w 30 = 0.02918; T30 = 46.230 
Number of Finite 
Particle Volumes 
w 9 = 0.02937; T9 = 52.282 
w 29 = 0.02827; T29 = 54.487 
w 49 = 0.02811; T49 = 54.705 
w 59= 0.02807; T59 = 54.759 
w 9 = 0.03009; T9 = 44.283 
w 29 = 0.02930; T29 = 46.057 
w 49 = 0.02918; T49 = 46.239 
w 59 = 0.02915; T59 = 46.287 
Activated Carbon Fiber 
 Top Node Bottom Node 
Time Increment 
w 10 = 0.1349; T10 = 62.9234 
w 5 = 0.1351; T5 = 63.391 
w 1 = 0.1353; T1 = 62.894 
w 0.2 = 0.1354; T0.2 = 62.876 
w 10 = 0.1756; T10 = 42.106 
w 5 = 0.1754; T5 = 42.054 
w 1 = 0.1753; T1 = 42.021 
w 0.2 = 0.1753; T0.2 = 42.014 
Number of Layer 
Segments 
w 5 = 0.1353; T5 = 62.893 
w 15 = 0.1353; T15 = 62.893 
w 25 = 0.1353; T25 = 62.984 
w 35 = 0.1353; T35 = 62.894 
w 5 = 0.1732; T5 = 42.572 
w 15 = 0.1745; T15 = 42.222 
w 25 = 0.1753; T25 = 42.021 
w 35 = 0.1754; T35 = 42.003 
Number of Finite 
Particle Volumes 
w 9 = 0.1409; T9 = 62.623 
w 29 = 0.1358; T29 = 62.864 
w 39 = 0.1353; T49 = 62.894 
w 49= 0.1351; T59 = 62.905 
w 9 = 0.1790; T9 = 41.546 
w 29 = 0.1757; T29 = 41.970 
w 39 = 0.1753; T49 = 42.021 
w 49 = 0.1752; T59 = 42.040 
*Uptake in [kg/kg] and temperature in [°C] 
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 The sensitivities of uptake and temperature to time increment are illustrated in 
Fig B.1.  Except where explicitly parameterized in Figs (B.1-3), the baseline time 
increments, number of layer segments, and number of intra-particle finite volumes are 
1 s, 25, and 49, respectively, for silica gel-water.  For ACF-ethanol, the baseline values 
are 1 s, 25, and 39.  As the time increment decreases from 10 to 5 s, the silica gel-water 
uptake decreases by 10-5 kg/kg, but as the time increment decreases from 1 to 0.2 s, there 
is no change to five decimal places.  Similarly, the ACF-ethanol uptake decreases by 
2×10-4 kg/kg as the time increment decreases from 10 to 5 s, but as the time increment 
decreases from 1 to 0.2 s, the change is imperceptible to four decimal places.  Adsorbent 
temperature is slightly more sensitive to time increment; from 10 to 5 s, the silica gel 
temperature decreases by 0.1°C, but from 1 to 0.2 s, the change is just 0.011°C.  The 
ACF temperature changes by 0.052°C between time increments of 10 and 5 s, but by just 





 The sensitivities of uptake and temperature to the number of inter-particle layer 
segments are shown in Fig B.2.    As the number of segments increases from 5 to 15, the 
silica gel-water uptake increases by 1.2×10-5 kg/kg, but as the number of segments 
increases from 25 to 30, there is no change to five decimal places.  Similarly, the ACF-






Fig B.1: Sensitivity of a) uptake and b) temperature to time increment for the 
innermost adsorbent node 
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15, but as the number increases from 25 to 35, the change is just 10-4 kg/kg.  Adsorbent 
temperature is slightly more sensitive to the number of layer nodes; from 5 to 15, the 
silica gel temperature decreases by 0.638°C, but from 25 to 30, the change is just 
0.009°C.  The ACF temperature changes by 0.35°C between 5 and 15 segements, but by 
just 0.018°C between 25 and 35 segments.  Thus, 25 segments are sufficient for both 








The sensitivities of uptake and temperature to the number of intra-particle finite volumes 
are shown in Fig B.3.  As the number of volumes increases from 9 to 29, the silica gel-
water uptake decreases by 79×10-5 kg/kg, but as the number increases from 49 to 59, the 






Fig B.2: Sensitivity of a) uptake and b) temperature to number of inter-particle 
layer segments for the innermost adsorbent node 
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kg/kg as the number increases from 9 to 29, but as the number of volumes increases from 
39 to 49, the change is just 1×10-4 kg/kg.  Adsorbent temperature is slightly more 
sensitive to number of finite volumes; from 9 to 29, the silica gel temperature increases 
by 1.774°C, but from 49 to 59 volumes, the change is just 0.048°C.  The ACF 
temperature changes by 0.052°C between 9 and 29 volumes, but just 0.007°C between 39 
and 49 volumes.  Thus, 49 intra-particle finite volumes are sufficient for the silica gel-










Fig B.3: Sensitivity of a.) uptake and b.) temperature to number of intra-particle 








Table B.2: Grid sensitivity in non-regenerative, silica gel-water system (t = 200 s) 
TI,avg,0.1 = 350.3795587 K 
TI,avg,0.5 = 350.3705647 K 
TI,avg,1.0 = 350.3590053 K 
TI,avg,2.0 = 350.3344782 K 
Thtf,I,0.1 = 357.4517804 K 
T htf,I,0.5 = 357.4477461 K 
T htf,I,1.0 = 357.4425610 K 
T htf,I,2.0 = 357.4315590 K 
ωI,avg,0.1 = 0.0976406 kg/kg 
ωI,avg,0.5 = 0.0977056 kg/kg 
ωI,avg,1.0 = 0.0977893 kg/kg 
ωI,avg,2.0 = 0.0979682 kg/kg 
νI,0.1 = 21.0130038 m3/kg 
νI,0.5 = 21.0076366 m3/kg 
νI,1.0 = 21.0007050 m3/kg 
νI,2.0 = 20.9858394 m3/kg 
TII,avg,0.1 = 312.3656517 K 
TII,avg,0.5 = 312.3565261 K 
TII,avg,1.0 = 312.3444251 K 
TII,avg,2.0 = 312.3205413 K 
T htf,II,0.1 = 310.0753638 K 
T htf,II,0.5 = 310.0712555 K 
T htf,II,1.0 = 310.0658077 K 
T htf,II,2.0 = 310.0550553 K 
ωII,avg,0.1 = 0.0717334 kg/kg 
ωII,avg,0.5 = 0.0718351 kg/kg 
ωII,avg,1.0 = 0.0719742 kg/kg 
ωII,avg,2.0 = 0.0722506 kg/kg 
νII,0.1 = 183.3403086 m3/kg 
νII,0.5 = 183.2025071 m3/kg 
νII,1.0 = 183.0103698 m3/kg 
νII,2.0 = 182.6309182 m3/kg 
Tcond,avg,0.1 = 313.8954390 K 
Tcond,avg,0.5 = 313.8997617 K 
Tcond,avg,1.0 = 313.9053494 K 
Tcond,avg,2.0 = 313.9173547 K 
Pcond,0.1 = 7.6837124 kPa 
Pcond,0.5 = 7.6854739 kPa 
Pcond,1.0 = 7.6877514 kPa 
Pcond,2.0 = 7.6926466 kPa 
Thtf,cond,0.1 = 312.6637109 K 
Thtf,cond,0.5 = 312.6671089 K 
Thtf,cond,1.0 = 312.6715013 K 
Thtf,cond,2.0 = 312.6809386 K 
ACP0.1 = 1.5945126 kW 
ACP0.5 = 1.5985660 kW 
ACP1.0 = 1.6038827 kW 
ACP2.0 = 1.6135146 kW 
Tevap,avg,0.1 = 276.6631483 K 
Tevap,avg,0.5 = 276.6733814 K 
Tevap,avg,1.0 = 276.6876692 K 
Tevap,avg,2.0 = 276.7160071 K 
Pevap,0.1 = 0.7860798 kPa 
Pevap,0.5 = 0.7866479 kPa 
Pevap,1.0 = 0.7874430 kPa 
Pevap,2.0 = 0.7890171 kPa 
Thtf,evap,0.1 = 277.6709871 K 
Thtf,evap,0.5 = 277.6808356 K 
Thtf,evap,1.0 = 277.6946090 K 
Thtf,evap,2.0 = 277.7218597 K 
COP0.1 = 0.1954500 
COP0.5 = 0.1962227 
COP1.0 = 0.1971676 
COP2.0 = 0.1989804 






Table B.3: Grid sensitivity in non-regenerative, ACF-ethanol system (t = 200 s) 
TI,avg,0.1 = 346.6351963 K 
TI,avg,0.5 = 346.6265022 K 
TI,avg,1.0 = 346.6156055 K 
TI,avg,2.0 = 346.5936671 K 
Thtf,I,0.1 = 354.7463505 K 
T htf,I,0.5 = 354.7419109 K 
T htf,I,1.0 = 354.7363466 K 
T htf,I,2.0 = 354.7251440 K 
ωI,avg,0.1 = 0.500958537 kg/kg 
ωI,avg,0.5 = 0.501134376 kg/kg 
ωI,avg,1.0 = 0.501357318 kg/kg 
ωI,avg,2.0 = 0.5018148 kg/kg 
νI,0.1 = 4.0610052 m3/kg 
νI,0.5 = 4.0606959 m3/kg 
νI,1.0 = 4.0602962 m3/kg 
νI,2.0 = 4.0594510 m3/kg 
TII,avg,0.1 = 312.9002414 K 
TII,avg,0.5 = 312.9014508 K 
TII,avg,1.0 = 312.9035824 K 
TII,avg,2.0 = 312.9079370 K 
T htf,II,0.1 = 310.6074284 K 
T htf,II,0.5 = 310.6080478 K 
T htf,II,1.0 = 310.6091396 K 
T htf,II,2.0 = 310.6113700 K 
ωII,avg,0.1 = 0.3061511 kg/kg 
ωII,avg,0.5 = 0.3064016 kg/kg 
ωII,avg,1.0 = 0.3067256 kg/kg 
ωII,avg,2.0 = 0.3073987 kg/kg 
νII,0.1 = 34.3388191 m3/kg 
νII,0.5 = 34.3091746 m3/kg 
νII,1.0 = 34.2699010 m3/kg 
νII,2.0 = 34.1910505 m3/kg 
Tcond,avg,0.1 = 310.1974693 K 
Tcond,avg,0.5 = 310.1984199 K 
Tcond,avg,1.0 = 310.1996673 K 
Tcond,avg,2.0 = 310.2023672 K 
Pcond,avg,0.1 = 15.3304197 kPa 
Pcond,avg,0.5 = 15.3311908 kPa 
Pcond,avg,1.0 = 15.3322026 kPa 
Pcond,avg,2.0 = 15.3343928 kPa 
Thtf,cond,0.1 = 309.7624361 K 
Thtf,cond,0.5 = 309.7631805 K 
Thtf,cond,1.0 = 309.7641572 K 
Thtf,cond,2.0 = 309.7662713 K 
ACP0.1 = 1.0455061 kW 
ACP0.5 = 1.0498835 kW 
ACP1.0 = 1.0552277 kW 
ACP2.0 = 1.0658352 kW 
Tevap,avg,0.1 = 273.5366490 K 
Tevap,avg,0.5 = 273.5490485 K 
Tevap,avg,1.0 = 273.5655181 K 
Tevap,avg,2.0 = 273.5986512 K 
Pevap,avg,0.1 = 1.6431895 kPa 
Pevap,avg,0.5 = 1.6446145 kPa 
Pevap,avg,1.0 = 1.6465089 kPa 
Pevap,avg,2.0 = 1.6503259 kPa 
Thtf,evap,0.1 = 274.1069908 K 
Thtf,evap,0.5 = 274.1191380 K 
Thtf,evap,1.0 = 274.1352727 K 
Thtf,evap,2.0 = 274.1677321 K 
COP0.1 = 0.0840185 
COP0.5 = 0.0844357 
COP1.0 = 0.0849489 







 HAND CALCULATIONS 
 





Silica Gel-Water, Segmented Sorption Bed Calculations 
Inputs Equations Results 
htf,bed,in 95T  °C 
cond 40T  °C 
htf,bed 0.2m  kg/s 
ubes 83tN   
fin,seg 20N   
radial 5N   
axial 5N   
c,ads 0.18h  kW∙m
-2∙K-1 
htf,isothermal 2.521h   kW∙m
-
2∙K-1 




   
kW∙m-1∙K-1 
fin 0.005H  m 
fin 0.005P  m 
4
fin 3.607 10
  m 
tube 0.1L  m 
o,tube 0.010287D  m 
4
tube 8.89 10
  m 
atm 101.3P  kPa 
Setup 
 cond condP f T  cond 7.385P  kPa 
bed condP P  bed 7.385P   kPa 
htf,tube htf,bed tubesm m N   3htf,tube 2.41 10m
  kg/s 
i,tube o,tube tube2D D     3i,tube 8.509 10D
  m 
 total void void micro1        total 0.67618   
 app,SG SG total1      app,SG 656.38  kg 
Heat transfer fluid: Node [2] 
htf finz P   htf 0.005z  m 
htf tube htfN L z   htf 20N   
 htf,middle htfN f N  htf,middle 10N   
 htf htf,avg htf,middle atm,f T N P      htf 962.180  kg/m
3 
 p,htf htf,avg htf,middle atm,c f T N P     p,htf 4.210c  kJ∙kg
-1∙K-1 
 htf htf,avg htf,middle atm,k f T N P     4htf 6.77 10k   kW∙m-1∙K-1 
htf,seg i,tube htfA D z   4htf,seg 1.34 10A
  m2 
2
htf,seg i,tube htf4
V D z   
7
htf,seg 2.843 10V











0.04404u  m/s 
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Inputs Equations Results 
2027SG  kg/m
3 
micro 0.486   
void 0.37   
ads 0.927c  kJ∙kg
-1∙K-1 
1t  s 
 htf,avg 10 94.5798T  °C 
 htf,s 1 95T  °C 
 htf,s 2 94.9559T  °C 
 htf,s 3 94.9111T  °C 
 htf,f 1 95T  °C 
 htf,f 3 94.9174T  °C 







3.034h   kW∙m-2∙K-1 
   
     
     









htf htf,seg tube,avg htf,f
2 2
2 1

















   
  
   
 
 
 htf,f 2 94.9589T  °C 








 htf,avg 2 94.9574T  °C 
fin 0.005H  m 
fin 0.005P  m 
4
fin 3.607 10
  m 
radial 5N   
axial 5N   
htf,middle 10N   
i,tube 0.008509D  m 
i,tube 0.008509D  m 
Tube: Node [2] 





















0.00125r  m 
tube,middle htf,middleN N  tube,middle 10N   




Silica Gel-Water, Segmented Sorption Bed Calculations 
Inputs Equations Results 
o,tube 0.01029D  m 
c,ads 0.18h  kW∙m
-2∙K-1 
1t  s 
 ads,avg axial1,1,T N   
87.5362 °C 
 ads,avg 2,1,1T   
88.3137 °C 
 ads,avg 2,1, 2T   
82.4626 °C 
 ads,avg 2,1,3T   
80.5339 °C 
 ads,avg 2,1, 4T   
82.2115 °C 
 ads,avg 2,1,5T   
87.4443 °C 
 htf,avg 2T   
94.9574 °C 
 tube,avg 1 93.976T  °C 
 tube,avg * 2 93.941T  °C 
 tube tube,avg tube,middlec f T N     tube 0.9336c  kJ∙kg
-1∙K-1 
 tube tube,avg tube,middlek f T N     tube 0.2387k  kW∙m
-1∙K-1 
tube,htf i,tube finA D P  4tube,htf 1.337 10A
  m2 
tube,ads o,tube adsA D z   5tube,ads 3.748 10A
  m2 
 2 2fin,ads,low o,tube fin o,tube4A D r D









tube,seg o,tube i,tube fin
2 2
o,tube fin o,tube fin
4
4
V D D P









  m3 
      
    
    
axial
conv,tube c,ads fin,ads,low ads,avg axial tube,avg
c,ads fin,ads,low ads,avg tube,avg







q h S T N T
h S T T






  4conv,tube 2 3.75 10q    kW 
 2 2tube,cross o,tube i,tube4A D D

   
5
tube,cross 2.625 10A
  m2 
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Inputs Equations Results 
 tube,avg 3 93.896T  °C 
 tube,avg 10 93.457T  °C 
 tube,s 2 93.905T  °C 
 
   
       
 
conv,tube htf tube,htf htf,avg













q h A T






















 tube,f 2 94.959T  °C 








 tube,avg 2 94.432T  °C 
radial 5N   
tube,middle 10N   
  32 6.394 10r   m 
fin 0.00125r  m 
4
fin 3.607 10
  m 
c,ads 0.18h  kW∙m
-2∙K-1 
1t  s 
 ads,avg 1,2,5T   
Fin: Node [2,2] 
 fin,middle radialN f N  fin,middle 2N   
 fin fin,avg tube,middle fin,middle,f T N N      fin 2689.07  kg/m
3 
 fin fin,avg tube,middle fin,middle,c f T N N     fin 0.9335c  kJ∙kg
-1∙K-1 
 fin fin,avg tube,middle fin,middle,k f T N N     fin 0.237k  kW∙m
-1∙K-1 
   fin,seg fin2 2 2A r r      5fin,seg 2 5.021 10A   m2 
   fin,seg fin,seg fin2 2V S     8fin,seg 2 1.811 10V   m3 
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Inputs Equations Results 
84.6023 °C 
 ads,avg 2, 2,1T   
84.772 °C 
 fin,s 2, 2 93.5677T  °C 
 fin,avg 2,1 93.9406T  °C 
 fin,avg 2, 2 93.606T  °C 
 fin,avg 2,3 93.3857T  °C 
 fin,avg 10, 2T   
93.1944 °C 
       









c,ads fin,seg ads,avg c,ads fin,seg ads,avg
fin,f fin,s
fin,seg fin
fin fin fin fin
fin,avg fin,avg
fin fin f
2 1, 2,5 2 2, 2,1


























   
      







   
 
in fin














    
      
  
 fin,f 2, 2 93.644T  °C 
     fin,f fin,sfin,avg







 fin,avg 2, 2 93.606T  °C 
3
ads 1.160 10z
   m 
3
fin 1.25 10r
   m 
  31 5.144 10r   m 
  32 6.394 10r   m 
  33 7.644 10r   m 
3
ads 2693 10H   J/kg 
Adsorbent: Node [2,2,2] 
ads finr r    3ads 1.25 10r
   m 
   ads,seg ads2 2 2A r r      5ads,seg 2, 2, 2 5.021 10A   m2 
   ads,seg ads,seg ads2, 2, 2 2, 2, 2V A z     8ads,seg 2, 2, 2 5.824 10V   m3 
    g,f ads,f bed2, 2, 2 2, 2, 2 ,h f T P   g,f 2,2,2 2647.36h  kJ/kg 
    g,s ads,s bed2, 2, 2 2, 2, 2 ,h f T P   g,s 2, 2, 2 2647.23h  kJ/kg 
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Silica Gel-Water, Segmented Sorption Bed Calculations 
Inputs Equations Results 
12t   
m 0.45q   
13
0 7.3 10K
  kg·kg-1·Pa-1 
4
so 2.54 10D
   m2/s 
a 42,000E   J/mol 
461.5R  J∙kg-1∙K-1 
15oF   
4
p 1.5 10R
   m 
c,ads 0.18h  kW∙m
-2∙K-1 
 s 2,2,2   
0.087480 kg/kg 
 avg * 2,2,2   
0.087409 kg/kg 
1t  s 
 ads,f * 2, 2, 2T   
78.7255 °C 
 ads,s 2, 2, 2T   
78.6576 °C 
 ads,avg 2, 2,1T   
80.1468 °C 
 ads,avg 2,1, 2T   
























   
              
 
ads,avg [2, 2, 2]T  in Kelvin 
 2, 2, 2 0.086006  kg/kg 
  as so
ads,avg









  10s 2, 2, 2 1.4766 10D   m
2/s 
  2LDF s p2, 2, 2 [2, 2, 2]ok F D R    LDF 2,2, 2 0.0915k  s-1 
          f s LDF avg
2, 2, 2 2, 2, 2








 f 2, 2, 2 0.087416  kg/kg 
     f savg







 avg 2,2,2 0.087416  kg/kg 
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79.5121 °C 
 ads,avg 2,3, 2T   
78.6695 °C 
 ads,avg 2, 2,3T   
78.6110 °C 
 ads,avg * 2, 2, 2T   
78.6916 °C 
app,SG 656.38  kg 
4
ff 1.98 10ek





       
   
    
     













































        
 










ln 2 1 ln 3 2
2,2,2
k Az T T
zr r
k A k Ak z k z





    
        
 
 ads,f 2, 2, 2 78.7255T  °C 
     ads,f ads,sads,avg




















Activated Carbon Fiber-Ethanol, Two Bed Adsorption Cycle Calculations 
Inputs Equations Results 
Isosteric Heating 
bed,avg* 46.61T  °C 
bed,s 46.51T  °C 
htf,bed,in 90T  °C 
htf,bed,avg* 84.61T  °C 
atm 101.3P   kPa 
bed 0.6UA   kW/°C 
htf,bed 0.5m   kg/s
 
bed 0.13V   m
3 
free,bed,avg* 0.02076m   kg 
free,bed,s 0.02087m   kg
 
0.797o   kg/kg 
61.716 10D    K-2 
12
so 1.8 10D
   m2/s 
3
a 306.7 10E    J/kg 
180.5R   J·kg-1·K-1 
8oF   
6
p 6.5 10R
   m 
avg* 0.475483   kg/kg 
s 0.475488   kg/kg
 
Sorption Kinetics 
 sat,bed bed,avgP f T  sat,bed 24.99P   kPa 
 p,htf,bed hft,bed,avg atm,c f T P  p,htf,bed 4.200c   kJ·kg-1·K-1 




T T T T
m c
 
    
  
 













   ref,bed
12.96   m3/kg 










        
    
; ,bed avgT  in Kelvin 











; bed,avgT  in Kelvin 
15
s 8.852 10D










   s-1 







0.475478   kg/kg 
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0.5t   s 
sorbent 10m   kg 
sorbent 0.941c   kJ·kg
-1·K-1 
shell 20.5m   kg 
1.9   
bed,f * 79.49T  °C 
bedx superheated  
4.690   
3.532   
htf water  
ref ethanol  
* Iterated value 
**Use of virial equation of 
state assumes there is only 
vapor in the free volume, 
which is a valid assumption 
for most of the cycle 
***When bedP corresponds 
to saturation conditions, a 
vapor quality of unity is 
used as an independent 
property along with the 
average bed temperature 
 avg f s / 2     avg* 0.475483   kg/kg 
Mass Balance 





        
 free,bed,f
0.0100848m   kg 
bed,out bed,in 0m m    bed,out bed,in 0m m    
Energy Balance 
 hx,bed bed,avgc f T  hx,bed 0.9121c   kJ·kg-1·K-1 
 fg,ref bed,avgh f T  fg,ref 896.4h   kJ·kg-1 
 fg,ref,s bed,sh f T  fg,ref,s 896.6h   kJ·kg-1 









         
 










     
  
 










     
  
 
ads,f 995.3H  kJ·kg
-1 
 criticalT f Ethanol  critical 513.9T  K 
 criticalP f Ethanol  6critical 6.15 10P   Pa 
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R critical 0.777T T  R 661.4T  K 
star
bed critical bed,avgT T T  
star






bed bed bed critical R
0.139 0.336 0.1055 0.0313
0.00038
P
B T T T
RT



















12.96   m3·kg-1 










bed bed critical R bed critical R
2
critical bed,avg











     
 
























    
  
 
p,ap 1.468c  kJ·kg
-1·K-1 
hx,bed sorbent shellm m m    hx,bed 39.5m  kg 
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Inputs Equations Results 
 htf,bed,in htf,bed,in atm,h f T P  htf,bed,in 377.1h   kJ/kg 
 htf,bed,out htf,bed,out atm,h f T P  htf,bed,out 331.8h   kJ∙kg-1 
 bed,g,s bed,s bed*** ,h f T P  bed,g,s 1064.5h   kJ∙kg-1 





sorbent sorbent hx,bed hx,bed sorbent avg p,ref,bed,ads
bed,g,f bed,g,s ads,f ads,s
sorbent avg
htf,bed htf,bed,in htf,bed,out
ads avg p,ap bed,avg sorbe
T T
m c m c m w c
t




H w c T m
 
    
    
    







   
 










bed,avg* 46.61T  °C 
 
Isosteric Cooling 
bed,avg* 79.61T  °C 
bed,s 79.72T  °C 
bed,f 79.49T  °C 
htf,bed,in 35T  °C 
htf,bed,avg* 40.57T  °C 
Sorption Kinetics 
 sat,bed bed,avgP f T  sat,bed 106.8P   kPa 
 p,bed,htf hft,bed,avg atm,c f T P  p,bed,htf 4.179c   kJ·kg-1·K-1 




T T T T
m c
 
    
  
 htf,bed,out
46.13T  °C 
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Inputs Equations Results 
atm 101.3P   kPa 
bed 0.6UA   kW/°C 
htf,bed 0.5m   kg/s
 
bed 0.13V   m
3 
free,bed,avg 0.02076m   kg 
free,bed,s 0.02087m   kg
 
0.797o   kg/kg 
61.716 10D    K-2 
12
so 1.8 10D
   m2/s 
3
a 306 10E    J/kg 
180.5R   J·kg-1·K-1 
8oF   
6
p 3.25 10R
   m 
avg* 0.240182   kg/kg 
s 0.240172   kg/kg 
0.5t   s 
sorbent 10m   kg 
sorbent 0.941c   kJ·kg
-1·K-1 
shell 20.5m   kg 
1.9   
bedx superheated  













   ref,bed
6.26   m3/kg 










        
    
; ,bed avgT  in Kelvin 











; ,bed avgT  in Kelvin 
14
s 1.45 10D








0.01098k   s-1 







0.240193f   kg/kg 
 avg f s / 2     * 0.240182avg   kg/kg 
Mass Balance 





       
 free,bed,f
0.02066m   kg 
bed,out bed,in 0m m    bed,out bed,in 0m m    
Energy Balance 
 hx,bed bed,avgc f T  hx,bed 0.9273c   kJ·kg-1·K-1 
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3.532   
htf water  
ref ethanol  
* Iterated value 
**Use of virial equation of 
state assumes there is only 
vapor in the free volume, 
which is a valid assumption 
for most of the cycle 
*** When bedP corresponds 
to saturation conditions, a 
vapor quality of unity is 
used as an independent 
property along with the 
average bed temperature 
 fg,ref bed,avgh f T  fg,ref 846.51h   kJ·kg-1 
 fg,ref,s bed,sh f T  fg,ref,s 846.31h   kJ·kg-1 









         
 










     
  
 










     
  
 
ads,f 997.59H   kJ·kg
-1 
 criticalT f Ethanol  critical 513.9T  °C 
 criticalP f Ethanol  6critical 6.15 10P   kPa 
R critical 0.777T T  R 661.4T  °C 
star
bed critical bed,avgT T T  
star






bed bed bed critical R
0.139 0.336 0.1055 0.0313
0.00038
P
B T T T
RT









0.0282B   J·kg-1·Pa-1 
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6.251  m3·kg-1 










bed bed critical R bed critical R
2
critical bed,avg











     
 
























    
  
 
p,ap 1.603c  kJ·kg
-1·K-1 
hx,bed sorbent shellm m m    hx,bed 39.5m  kg 
 htf,bed,in htf,bed,in atm,h f T P  htf,bed,in 146.72h   kJ/kg 
 htf,bed,out htf,bed,out atm,h f T P  htf,bed,out 193.25h   kJ∙kg-1 
 bed,g bed,avg bed*** ,h f T P  bed,g 1118.8h   kJ∙kg-1 
 bed,g,s bed,s bed*** ,h f T P  bed,g,s 1119.0h   kJ∙kg-1 
 bed,g,f bed,f bed*** ,h f T P  bed,g,f 1118.6h   kJ∙kg-1 
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sorbent sorbent hx,bed hx,bed sorbent avg p,ref,bed,ads
bed,g,f bed,g,s ads,f ads,s
sorbent avg
htf,bed htf,bed,in htf,bed,out
ads p,ap bed,avg sorbent
T T
m c m c m c
t








    
    
    
 

















bed,avg* 79.61T  °C 
Desorption 
bed,avg* 73.41T  °C 
bed,s 73.38T  °C 
bed,f * 73.43T  °C 
htf,bed,in 90T  °C 
cond,avg 36.90T  °C 
atm 101.3P   kPa 
bed 0.6UA   kW/°C 
htf,bed 0.5m   kg/s 
0.797o   kg/kg 
Sorption Kinetics 
 cond cond,avgP f T  cond 15.21P   kPa 
bed condP P  bed 15.21P   kPa 
 sat,bed bed,avgP f T  sat,bed 83.34P   kPa 
 p,htf,bed htf,bed,avg atm,c f T P  p,htf,bed 4.203c   kJ·kg-1·K-1 




T T T T
m c
 
    
  
 







87.94T  °C 
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Inputs Equations Results 
61.716 10D    K-2 
12
so 1.8 10D
   m2/s 
3
a 306.7 10E    J/kg 
180.5R   J·kg-1·K-1 
8oF   
6
p 3.25 10R
   m 
avg* 0.47933   kg/kg 
s 0.47943   kg/kg 
0.5t   s 
sorbent 10m   kg 
sorbent 0.941c   kJ·kg
-1·K-1 
shell 20.5m   kg 
1.9   
free,bed,s 0.03175m  kg 
free,bed,avg* 0.03176m   kg 
ref,bed,in 0m  kg·s
-1 
bed 0.13V  m
3 
bedx superheated  
4.609   
3.532   










        
    
; ,bed avgT  in Kelvin 











; ,bed avgT  in Kelvin 
14
s 1.34 10D








0.0101k   s-1 







0.47923   kg/kg 
 avg f s / 2     avg* 0.47933   kg/kg 
Mass Balance 
























   kg/s 
Energy Balance 
 hx,bed bed,avgc f T  hx,bed 0.924c   kJ·kg-1·K-1 
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Inputs Equations Results 
ref ethanol  
* Iterated value 
**Use of virial equation of 
state assumes there is only 
vapor in the free volume, 
which is a valid assumption 
for most of the cycle 
***When bedP corresponds 
to saturation conditions, a 
vapor quality of unity is 
used as an independent 
property along with the 
average bed temperature 
 htf,bed,in htf,bed,in atm,h f T P  htf,bed,in 377.1h   kJ·kg-1 
 htf,bed,out htf,bed,out atm,h f T P  htf,bed,out 359.7h   kJ·kg-1 
 fg,ref bed,avgh f T  fg,ref 856.95h   kJ·kg-1 
 fg,ref,s bed,sh f T  fg,ref,s 856.99h   kJ·kg-1 









         
 










     
  
 










     
  
 







   bed,plus
76.53T  °C 
 ref,bed,out bed,plus cond,h f T P  ref,bed,out 1113.11h   kJ/kg 
 criticalT f Ethanol  critical 513.9T  °C 
 criticalP f Ethanol  6critical 6.15 10P   kPa 
R critical 0.777T T  R 661.4T  °C 
 
 356 
Activated Carbon Fiber-Ethanol, Two Bed Adsorption Cycle Calculations 
Inputs Equations Results 
star
bed critical bed,avgT T T  
star






bed bed bed critical R
0.139 0.336 0.1055 0.0313
0.00038
P
B T T T
RT



















** 4.079   m3·kg-1 










bed bed critical R bed critical R
2
critical bed,avg











     
 
























    
  
 
p,ap 1.51c  kJ·kg
-1·K-1 
 bed,g bed,avg bed*** ,h f T P  bed,g 1107.80h   kJ∙kg-1 
 bed,g,s bed,s bed*** ,h f T P  bed,g,s 1107.76h   kJ∙kg-1 
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Inputs Equations Results 





sorbent sorbent hx,bed hx,bed sorbent avg p,ref,bed,ads
bed,g,f bed,g,s ads,f ads,s
sorbent avg
htf,bed htf,bed,in htf,bed,out
ads p,ap bed,avg sorbent
T T
m c m c m c
t









    
    
    


















bed,avg* 73.41T  °C 
Adsorption 
evap,avg* 12.00T  °C 
bed,avg 54.56T  °C 
bed,s 73.38T  °C 
htf,bed,in 35T  °C 
htf,bed,avg 57.44T  °C 
atm 101.3P   kPa 
bed 0.6UA   kW/°C 
Sorption Kinetics 
 evap evap,avgP f T  evap 3.56P   kPa 
bed evapP P  bed 3.56P   kPa 
 sat,bed bed,avgP f T  sat,bed 36.60P   kPa 
 p,htf,bed htf,bed,in atm,c f T P  p,htf,bed 4.179c   kJ·kg-1·K-1 




T T T T
m c
 
    
  
 
htf,bed,out 39.88T  °C 
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Inputs Equations Results 
htf,bed 0.5m   kg/s 
0.797o   kg/kg 
61.716 10D    K-2 
121.8 10soD
   m2/s 
3306.7 10aE    J/kg 
180.5R   J·kg-1·K-1 
8oF   
6
p 3.25 10R
   m 
avg* 0.27197   kg/kg 
s 0.27192   kg/kg 
0.5t   s 
sorbent 10m   kg 
sorbent 0.941c   kJ·kg
-1·K-1 
shell 20.5m   kg 
1.9   
3
free,bed,s 7.88 10m
  kg 
3
free,bed,avg* 7.86 10m
   kg 
ref,bed,out 0m  kg·s
-1 
bed 0.13V  m
3 
bedx superheated  

















        
    
; ,bed avgT  in Kelvin 











; ,bed avgT  in Kelvin 
14
s 1.007 10D










   s-1 







0.27201   kg/kg 
 avg f s / 2     avg* 0.27197   kg/kg 
Mass Balance 
































Activated Carbon Fiber-Ethanol, Two Bed Adsorption Cycle Calculations 
Inputs Equations Results 
3.532   
htf water  
ref ethanol  
* Iterated value 
**Use of virial equation of 
state assumes there is only 
vapor in the free volume, 
which is a valid assumption 
for most of the cycle 
***When bedP corresponds 
to saturation conditions, a 
vapor quality of unity is 
used as an independent 
property along with the 
average bed temperature 
 hx,bed bed,avgc f T  hx,bed 0.9157c   kJ·kg-1·K-1 
 fg,bed bed,avgh f T  fg,bed 885.65h   kJ·kg-1 
 fg,bed,s bed,sh f T  fg,bed,s 885.59h   kJ·kg-1 
 fg,bed,f bed,fh f T  fg,bed,f 885.71h   kJ·kg-1 
 htf,bed,in htf,bed,in atm,h f T P  htf,bed,in 146.72h   kJ·kg-1 









         
 










     
  
 










     
  
 
ads,f 1028.55H   kJ·kg
-1 
 criticalT f Ethanol  critical 513.9T  °C 
 criticalP f Ethanol  6critical 6.14 10P   Pa 
R critical 0.777T T  R 661.4T  °C 
star
bed critical bed,avgT T T  
star
bed 1.568T   
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bed bed bed critical R
0.139 0.336 0.1055 0.0313
0.00038
P
B T T T
RT



















16.55  m3·kg-1 










bed bed critical R bed critical R
2
critical bed,avg











     
 
























    
  
 
p,ap 1.541c  kJ·kg
-1·K-1 
 bed,g bed,avg bed*** ,h f T P  bed,g 1077.61h   kJ∙kg-1 
 bed,g,s bed,s bed*** ,h f T P  bed,g,s 1077.68h   kJ∙kg-1 
 bed,g,f bed,f bed*** ,h f T P  bed,g,f 1077.54h   kJ∙kg-1 
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   evap,plus
17.73T  °C 





sorbent sorbent hx,bed hx,bed sorbent avg p,ref,bed,ads
bed,g,f bed,g,s ads,f ads,s
sorbent avg
htf,bed htf,bed,in htf,bed,out
ads p,ap bed,avg sorbent
T T
m c m c m c
t








    
    
    
 





















   kg/s 
htf,cond,in 35T  °C 
atm 101.3P   kPa 
cond,avg* 36.90T  °C 
cond 0.84UA   kW/°C 
htf,cond 0.6V   kg/s 
cond,s 36.90T  °C 
ref,cond,in ref,bed,outm m   3ref,cond,in 4.025 10m
   kg/s 
ref,cond,out ref,cond,inm m     3ref,cond,out 4.025 10m
   kg/s 
 p,htf,cond htf,cond,avg atm,c f T P  p,htf,cond 1.005c   kJ·kg-1·K-1 
 htf,cond htf,cond,avg atm,f T P   htf,cond 1.14  kg/m3 
 hx,cond cond,avgc f T  hx,cond 0.908c   kJ·kg-1·K-1 
 cond cond,avg *P f T  cond 15.21P   kPa 
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Inputs Equations Results 
ref,bed,out 1113.11h   kJ/kg 
0.5t   s 
cond,hx 2.8m   kg 
cond,acc,s 0.11m  kg 
cond,acc,avg 0.11m  kg 
cond,s 36.90T  °C 
cond,f * 36.91T  °C 
htf,cond,avg 35.67T  °C 
htf air  
ref ethanol  
* Iterated value 
++Refrigerant is not 
permitted to (incidentally) 
flow from evaporator to 
condenser 
† If saturation conditions 
exist, a vapor quality of 
zero is used in place of 
Pcond 









   cond,minus
36.43T  °C 
 ref,cond,out cond,minus cond† ,h f T P  ref,cond,out 138.17h  kJ/kg 
 cond,acc,f cond,f , 0.5u f T x   cond,acc,f 565.97u  kJ/kg 
 cond,acc,f cond,s , 0.5u f T x   cond,acc,s 565.94u  kJ/kg 
 cond,acc cond,avg , 0.5u f T x   cond,acc 565.96u  kJ/kg 
htf,cond htf,cond htf,condm V    htf,cond 0.686m  kg/s 




T T T T
m c
 
    
  
 htf,cond,out







* 35.67T  °C 
 htf,cond,in htf,cond,in atm,h f T P  htf,cond,in 146.72h   kJ/kg 









   cond,acc,f
0.11m  kg 
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Inputs Equations Results 
   
 
cond,f cond,s cond,acc,f cond,acc,s
cond,hx cond,hx cond,acc,avg
htf,cond htf,cond,in htf,cond,out ref,cond,in ref,cond,in cond,acc
ref,cond,out ref,cond,out cond,acc
T T u u
m c m
t t
m h h m h u
m h u
    

















   kg/s 
cond,out 138.17h   kJ/kg 
evap 3.56P   kPa 
expand,in cond,outm m   Adsorption: 3expand,in 4.025 10m
   
kg/s 
expand,out expand,inm m   Adsorption: 3expand,out 4.025 10m
   
kg/s 
expand,in cond,outh h  expand,in 138.17h   kJ/kg 
expand,out expand,inh h  expand,out 138.17h   kJ/kg 
 expand,out evap expand,out,T f P h  expand,out 12.02T  °C 
Evaporator 
3
e xpand,out 4.025 10m




   kg/s 
htf,evap,in 35T  °C 
ref,evap,out ref,bed,inm m    3ref,evap,out 1.54 10m
   kg/s 
ref,evap,in expand,outm m   3ref,evap,in 4.025 10m
   kg/s 
 evap evap,avgP f T  evap 3.56P   kPa 
 p,htf,evap htf,evap,in atm,c f T P  p,htf,evap 1.005c   kJ·kg-1·K-1 
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Activated Carbon Fiber-Ethanol, Two Bed Adsorption Cycle Calculations 
Inputs Equations Results 
htf,evap,avg* 23.95T  °C 
evap,avg* 11.97T  °C 
evap,f * 11.93T  °C 
evap,s 12.01T  °C 
atm 101.3P   kPa 
evap 0.23UA   kW/°C 
htf,evap 0.06V  m
3·s-1 
expand,out 138.17h   kJ·kg
-1 
hx,evap 2.1m   kg 
0.5t   s 
evap,acc,avg 1.4654m  kg 
evap,acc,s 1.4648m  kg 
htf air  
ref ethanol  
* Iterated value 
***When bedP corresponds 
to saturation conditions, a 
vapor quality of unity is 
used as an independent 
property along with the 
average bed temperature 
+EES approximates 
 hx,evap evap,avgc f T   hx,evap 0.887c   kJ·kg-1·K-1 
 htf,evap htf,evap,avg atm*,f T P   htf,evap 1.19  kg·m-3 
htf,evap htf,evap htf,evapm V    htf,evap 0.0713m  kg·s
-1 




T T T T
m c
 
    
  
 htf,evap,out







23.95T  °C 
 htf,evap,in htf,evap,in atm,h f T P  htf,evap,in 308.6h   kJ·kg-1 






   evap,plus
17.73T  °C 
 ref,evap,out evap,plus evap*** ,h f T P  ref,evap,out 1019.8h   kJ·kg-1 










   evap,acc,f
1.466m  kg·s-1 
 evap,acc,avg evap,avg ref,evap, 0.5u f T x   evap,acc,avg 518.49u  kJ·kg-1 
 evap,acc,s evap,s ref,evap, 0.5u f T x   evap,acc,s 518.57u   kJ·kg-1 
 evap,acc,f evap,f ref,evap, 0.5u f T x   evap,acc,f 518.42u   kJ·kg-1 
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Inputs Equations Results 
aluminum specific heat 
values below 295 K 




htf,evap htf,evap,in htf,evap,out ref,evap,in ref,evap,in evap,acc,avg
ref,evap,out ref,evap,out evap,acc,avg
eT T u um c m
t t
m h h m h u
m h u
    
























Silica Gel-Water, Two Bed Adsorption Cycle Calculations 
Inputs Equations Results 
Isosteric Heating 
bed,avg* 55.45T  °C 
bed,s 55.30T  °C 
bed,f 55.60T  °C 
htf,bed,in 90T  °C 
htf,bed,avg* 86.41T  °C 
atm 101.3P   kPa 
bed 0.49UA   kW/°C 
htf,bed 0.5m   kg/s
 




   kg 
4
free,bed,s 3.454 10m
   kg 
3
ads 2693 10H   J/kg 
12t   
m 0.45q   
13
0 7.3 10K
  kg·kg-1·Pa-1 
so 0.000254D   m
2/s 
a 42,000E   J/mol 
461.5R   J·kg-1·K-1 
15oF   
4
p 1.5 10R
   m 
Sorption Kinetics 
 sat,bed bed,avgP f T  sat,bed 16.11P   kPa 
 p,htf,bed hft,bed,avg atm,c f T P  p,htf,bed 4.20c   kJ·kg-1·K-1 




T T T T
m c
 
    
  
 htf,bed,out













   ref,bed
48.91   m3/kg 


















   
              
; bed,avgT  in Kelvin 











; bed,avgT  in Kelvin 
11
s 5.35 10D








0.0357k   s-1 
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Silica Gel-Water, Two Bed Adsorption Cycle Calculations 
Inputs Equations Results 
avg* 0.1166275   kg/kg 
s 0.1166277   kg/kg
 
0.5t   s 
sorbent 10m   kg 
sorbent 0.924c   kJ·kg
-1·K-1 
shell 5.4m   kg 
0.67   



































0 1000B  cm
3/mol 
18.02M  kg/kmol 
htf water  
ref water  
* Iterated value 
**Use of virial equation of 







0.1166273   kg/kg 
 avg f s / 2     avg* 0.1166275   kg/kg 
Mass Balance 









   kg 
bed,out bed,in 0m m    bed,out bed,in 0m m    
Energy Balance 
 hx,bed bed,avgc f T  hx,bed 0.916c   kJ·kg-1·K-1 
 fg,ref bed,avgh f T  fg,ref 2368.8h   kJ·kg-1 
 fg,ref,s bed,sh f T  fg,ref,s 2369.1h   kJ·kg-1 
 fg,ref,f bed,fh f T  fg,ref,f 2368.4h   kJ·kg-1 
ads,s adsH H    3ads,s 2693 10H   J·kg
-1 
ads,f adsH H    3ads,f 2693 10H   J·kg
-1 
star
bed bed,avg 100T T  
star
bed 3.286T   
 31 2 4starstar star star0 1 bed 2 bed 3 bed 4 bedbb b bB B a T a T a T a T           758B    cm-3·mol-1 










    
 




Silica Gel-Water, Two Bed Adsorption Cycle Calculations 
Inputs Equations Results 
state assumes there is only 
vapor in the free volume, 
which is a valid assumption 
for most of the cycle 
***When bedP corresponds 
to saturation conditions, a 
vapor quality of unity is 
used as an independent 
property along with the 
average bed temperature 
 p,ref,g bed,avg bed*** ,c f T P  p,ref,g 1.886c   kJ·kg-1·K-1 




star 1star 1 star 1

















  cm-3·mol-1·K-1 
0.0102dB
dT







B T dB dT
d M






















    
  
 
p,ap 1.848c  kJ·kg
-1·K-1 
hx,bed sorbent shellm m m    hx,bed 12.1m  kg 
 htf,bed,in htf,bed,in atm,h f T P  htf,bed,in 377.1h   kJ/kg 
 htf,bed,out htf,bed,out atm,h f T P  htf,bed,out 346.9h   kJ∙kg-1 
 bed,g bed,avg bed*** ,h f T P  bed,g 2604.1h   kJ∙kg-1 
 bed,g,s bed,s bed*** ,h f T P  bed,g,s 2603.9h   kJ∙kg-1 
 bed,g,f bed,f bed*** ,h f T P  bed,g,f 2604.4h   kJ∙kg-1 
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sorbent sorbent hx,bed hx,bed sorbent avg p,ref,bed,ads
bed,g,f bed,g,s ads,f ads,s
sorbent avg
htf,bed htf,bed,in htf,bed,out
ads p,ap bed,avg sorbent
T T
m c m c m c
t









    
    
    


















bed,avg* 55.45T  °C 
 
Isosteric Cooling 
bed,avg* 70.61T  °C 
bed,s 70.79T  °C 
bed,f 70.43T  °C 
htf,bed,in 35T  °C 
htf,bed,avg* 38.72T  °C 
atm 101.3P   kPa 
bed 0.49UA   kW/°C 
htf,bed 0.5m   kg/s
 




   kg 
Sorption Kinetics 
 sat,bed bed,avgP f T  sat,bed 32.03P   kPa 
 p,bed,htf hft,bed,avg atm,c f T P  p,bed,htf 4.18c   kJ·kg-1·K-1 




T T T T
m c
 
    
  
 













   ref,bed
58.97   m3/kg 
 bed bed,avg ref,bed,P f T   bed 2.69P   kPa 
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Inputs Equations Results 
4
free,bed,s 2.90 10m
   kg 
3
ads 2693 10H   J/kg 
12t   
m 0.45q   
13
0 7.3 10K
  kg·kg-1·Pa-1 
so 0.000254D   m
2/s 
a 42,000E   J/mol 
461.5R   J·kg-1·K-1 
15oF   
4
p 1.5 10R
   m 
avg* 0.0462348   kg/kg 
s 0.0462346   kg/kg 
0.5t   s 
sorbent 10m   kg 
sorbent 0.924c   kJ·kg
-1·K-1 
shell 5.4m   kg 
0.67   


















   
              
; ,bed avgT  in Kelvin 











; ,bed avgT  in Kelvin 
10
s 1.05 10D








0.070k   s-1 







0.0462350f   kg/kg 
 avg f s / 2     * 0.0462348avg   kg/kg 
Mass Balance 









   kg 
bed,out bed,in 0m m    bed,out bed,in 0m m    
Energy Balance 
 hx,bed bed,avgc f T  hx,bed 0.923c   kJ·kg-1·K-1 
 fg,ref bed,avgh f T  fg,ref 2331.5h   kJ·kg-1 
 fg,ref,s bed,sh f T  fg,ref,s 2331.1h   kJ·kg-1 
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0 1000B  cm
3/mol 
18.02M  kg/kmol 
htf water  
ref water  
* Iterated value 
**Use of virial equation of 
state assumes there is only 
vapor in the free volume, 
which is a valid assumption 
for most of the cycle 
*** When bedP corresponds 
to saturation conditions, a 
vapor quality of unity is 
used as an independent 
property along with the 
 fg,ref,f bed,fh f T  fg,ref,f 2332.0h   kJ·kg-1 
ads,s adsH H    ads,s 2693H   kJ·kg
-1 
ads,f adsH H    ads,f 2693H   kJ·kg
-1 
star
bed bed,avg 100T T  
star
bed 3.438T   
 31 2 4starstar star star0 1 bed 2 bed 3 bed 4 bedbb b bB B a T a T a T a T           625.0B    cm-3·mol-1 










    
 
bed,virial 58.96  m
3·kg-1 
 p,ref,g bed,avg bed*** ,c f T P  p,ref,g 1.886c   kJ·kg-1·K-1 




star 1star 1 star 1

















  cm-3·mol-1·K-1 
37.567 10dB
dT







B T dB dT
d M






















    
  
 
p,ap 1.862c  kJ·kg
-1·K-1 
hx,bed sorbent shellm m m    hx,bed 12.1m  kg 
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Inputs Equations Results 
average bed temperature  htf,bed,in htf,bed,in atm,h f T P  htf,bed,in 146.7h   kJ/kg 
 htf,bed,out htf,bed,out atm,h f T P  htf,bed,out 177.8h   kJ∙kg-1 
 bed,g bed,avg bed*** ,h f T P  bed,g 2632.8h   kJ∙kg-1 
 bed,g,s bed,s bed*** ,h f T P  bed,g,s 2633.2h   kJ∙kg-1 





sorbent sorbent hx,bed hx,bed sorbent avg p,ref,bed,ads
bed,g,f bed,g,s ads,f ads,s
sorbent avg
htf,bed htf,bed,in htf,bed,out
ads p,ap bed,avg sorbent
T T
m c m c m c
t









    
    
    


















, * 70.61bed avgT  °C 
Desorption 
bed,avg* 68.19T  °C 
bed,s 68.10T  °C 
bed,f * 68.27T  °C 
htf,bed,in 90T  °C 
Sorption Kinetics 
 cond cond,avgP f T  cond 6.00P   kPa 
bed condP P  bed 6.00P   kPa 
 sat,bed bed,avgP f T  sat,bed 28.84P   kPa 
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Inputs Equations Results 
htf,bed,avg 87.73T  °C 
cond,avg 36.15T  °C 
atm 101.3P   kPa 
bed 0.49UA   kW/°C 
htf,bed 0.5m   kg/s 
3
ads 2693 10H   J/kg 
12t   
m 0.45q   
13
0 7.3 10K
  kg·kg-1·Pa-1 
so 0.000254D   m
2/s 
a 42,000E   J/mol 
461.5R   J·kg-1·K-1 
15oF   
4
p 1.5 10R
   m 
avg* 0.11723   kg/kg 
s 0.11724   kg/kg 
0.5t   s 
sorbent 10m   kg 
sorbent 0.924c   kJ·kg
-1·K-1 
shell 5.4m   kg 
 p,htf,bed htf,bed,avg atm,c f T P  p,htf,bed 4.203c   kJ·kg-1·K-1 




T T T T
m c
 
    
  
 

























   
              
; bed,avgT  in Kelvin 











; bed,avgT  in Kelvin 
11
s 9.49 10D








0.063k   s-1 







0.11721   kg/kg 
 avg f s / 2     avg* 0.11723   kg/kg 
Mass Balance 
 ref,bed bed,avg bed,f T P   ref,bed 26.24   m3·kg-1 
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Inputs Equations Results 
0.67   
4
free,bed,s 6.432 10m
  kg 
4
free,bed,f * 6.480 10m
   kg 
ref,bed,in 0m  kg·s
-1 
bed 0.017V  m
3 



































0 1000B  cm
3/mol 
18.02M  kg/kmol 
htf water  
ref water  
* Iterated value 
**Use of virial equation of 
state assumes there is only 
vapor in the free volume, 




























   kg/s 
Energy Balance 
 hx,bed bed,avgc f T  hx,bed 0.922c   kJ·kg-1·K-1 
 htf,bed,in htf,bed,in atm,h f T P  htf,bed,in 377.1h   kJ·kg-1 
 htf,bed,out htf,bed,out atm,h f T P  htf,bed,out 358.0h   kJ·kg-1 
 fg,ref bed,avgh f T  fg,ref 2337.5h   kJ·kg-1 
 fg,ref,s bed,sh f T  fg,ref,s 2337.7h   kJ·kg-1 
 fg,ref,f bed,fh f T  fg,ref,f 2337.3h   kJ·kg-1 
ads,f adsH H    ads,s 2693H   kJ·kg
-1 







   bed,plus
72.51T  °C 
 ref,bed,out bed,plus cond,h f T P  ref,bed,out 2635.8h   kJ/kg 
star
bed bed,avg 100T T  
star
bed 3.413T   
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Silica Gel-Water, Two Bed Adsorption Cycle Calculations 
Inputs Equations Results 
for most of the cycle 
***When bedP corresponds 
to saturation conditions, a 
vapor quality of unity is 
used as an independent 
property along with the 
average bed temperature 
 31 2 4starstar star star0 1 bed 2 bed 3 bed 4 bedbb b bB B a T a T a T a T           643.7B     cm-3·mol-1 










    
 
bed,virial ** 26.24   m
3·kg-1 
 p,ref,g bed,avg bed*** ,c f T P  p,ref,g 1.896c   kJ·kg-1·K-1 




star 1star 1 star 1

















  cm-3·mol-1·K-1 
37.922 10dB
dT







B T dB dT
d M






















    
  
 
p,ap 1.840c  kJ·kg
-1·K-1 
 bed,g bed,avg bed*** ,h f T P  bed,g 2627.6h   kJ∙kg-1 
 bed,g,s bed,s bed*** ,h f T P  bed,g,s 2627.5h   kJ∙kg-1 
 bed,g,f bed,f bed*** ,h f T P  bed,g,f 2627.8h   kJ∙kg-1 
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sorbent sorbent hx,bed hx,bed sorbent avg p,ref,bed,ads
bed,g,f bed,g,s ads,f ads,s
sorbent avg
htf,bed htf,bed,in htf,bed,out
ads p,ap bed,avg sorbent
T T
m c m c m c
t









    
    
    


















bed,avg* 68.19T  °C 
Adsorption 
evap,avg 15.82T  °C 
bed,avg* 60.14T  °C 
bed,s 60.22T  °C 
bed,f 60.05T  °C 
htf,bed,in 35T  °C 
htf,bed,avg 37.63T  °C 
atm 101.3P   kPa 
bed 0.49UA   kW/°C 
htf,bed 0.5m   kg/s 
Sorption Kinetics 
 evap evap,avgP f T  evap 1.798P   kPa 
bed evapP P  bed 1.798P   kPa 
 sat,bed bed,avgP f T  sat,bed 20.07P   kPa 
 p,htf,bed htf,bed,in atm,c f T P  p,htf,bed 4.179c   kJ·kg-1·K-1 




T T T T
m c
 
    
  
 







37.63T  °C 
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3
ads 2693 10H   J/kg 
12t   
m 0.45q   
13
0 7.3 10K
  kg·kg-1·Pa-1 
so 0.000254D   m
2/s 
a 42,000E   J/mol 
461.5R   J·kg-1·K-1 
15oF   
4
p 1.5 10R
   m 
avg* 0.04968   kg/kg 
s 0.04964   kg/kg 
0.5t   s 
sorbent 10m   kg 
sorbent 0.924c   kJ·kg
-1·K-1 
shell 5.4m   kg 
0.67   
4
free,bed,s 2.002 10m
  kg 
4
free,bed,avg* 1.995 10m
   kg 
ref,bed,out 0m  kg·s
-1 
bed 0.017V  m
3 


















   
              
; bed,avgT  in Kelvin 











; ,bed avgT  in Kelvin 
11
s 6.64 10D








0.0443k   s-1 







0.04971   kg/kg 
 avg f s / 2     avg* 0.04968   kg/kg 
Mass Balance 




























   kg/s 
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0 1000B  cm
3/mol 
18.02M  kg/kmol 
htf water  
ref water  
* Iterated value 
**Use of virial equation of 
state assumes there is only 
vapor in the free volume, 
which is a valid assumption 
for most of the cycle 
***When bedP corresponds 
to saturation conditions, a 
vapor quality of unity is 
used as an independent 
property along with the 
Energy Balance 
 hx,bed bed,avgc f T  hx,bed 0.918c   kJ·kg-1·K-1 
 htf,bed,in htf,bed,in atm,h f T P  htf,bed,in 146.72h   kJ·kg-1 
 htf,bed,out htf,bed,out atm,h f T P  htf,bed,out 168.68h   kJ·kg-1 
ads,s adsH H    ads,s 2693H   kJ·kg
-1 
ads,f adsH H    ads,f 2693H   kJ·kg
-1 
star
bed bed,avg 100T T  
star
bed 3.333T   
 31 2 4starstar star star0 1 bed 2 bed 3 bed 4 bedbb b bB B a T a T a T a T           712.8B     cm-3·mol-1 










    
 bed,virial
85.52  m3·kg-1 
 p,ref,g bed,avg bed*** ,c f T P  p,ref,g 1.881c  kJ·kg-1·K-1 




star 1star 1 star 1

















  cm-3·mol-1·K-1 
39.27 10dB
dT







B T dB dT
d M
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    
  
 
p,ap 1.861c  kJ·kg
-1·K-1 
 bed,g bed,avg bed*** ,h f T P  bed,g 2613.3h   kJ∙kg-1 
 bed,g,s bed,s bed*** ,h f T P  bed,g,s 2613.4h   kJ∙kg-1 






   evap,plus
20.6T  °C 





sorbent sorbent hx,bed hx,bed sorbent avg p,ref,bed,ads
bed,g,f bed,g,s ads,f ads,s
sorbent avg
htf,bed htf,bed,in htf,bed,out
ads p,ap bed,avg sorbent
T T
m c m c m c
t









    
    
    






















  kg/s ref,cond,in ref,bed,outm m   4ref,cond,in 5.575 10m
   kg/s 
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htf,cond,in 35T  °C 
atm 101.3P   kPa 
cond,avg* 36.15T  °C 
cond,s 36.08T  °C 
cond,f 36.22T  °C 
cond 0.96UA   kW/°C 
htf,cond 0.6V   m
3/s 
ref,bed,out 2635.8h   kJ/kg 
0.5t   s 
cond 2.8m   kg 
cond,acc,s 0.11m  kg 
cond,acc,avg 0.11m  kg 
htf air  
ref water  
* Iterated value 
ref,cond,out ref,cond,inm m   4ref,cond,out 5.575 10m
   kg/s 
 p,htf,cond htf,cond,avg atm,c f T P  p,htf,cond 1.005c   kJ·kg-1·K-1 
 hx,cond cond,avgc f T  hx,cond 0.9073c   kJ·kg-1·K-1 
 cond cond,avgP f T  cond 5.996P   kPa 
 htf,cond htf,cond,avg atm*,f T P   htf,cond 1.14  kg/m3 
htf,cond htf,cond htf,condm V    htf,cond 0.69m  kg/s 




T T T T
m c
 
    
  
 







35.43T  °C 






   cond,minus
35.86T  °C 
 ref,cond,out cond,minus ref, 0h f T x   ref,cond,out 150.23h   kJ/kg 
 htf,cond,in htf,cond,in atm,h f T P  htf,cond,in 308.6h   kJ/kg 
 htf,cond,out htf,cond,out atm,h f T P  htf,cond,out 309.5h   kJ/kg 







   cond,acc,f 0.11m  kg 
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 cond,acc cond,avg , 0.5u f T x   cond,acc 1287.8u  kJ/kg 
 cond,acc,s cond,s , 0.5u f T x   cond,acc,s 1287.6u  kJ/kg 
 cond,acc,f cond,f , 0.5u f T x   cond,acc,f 1288.0u  kJ/kg 
 
   
 
cond,f cond,s cond,acc,f cond,acc,s
cond hx,cond , ,
htf,cond htf,cond,in htf,cond,out ref,cond,in ref,cond,in cond,acc
ref,cond,out ref,cond,out cond,acc
cond acc avg
T T u u
m c m
t t
m h h m h u
m h u
    

















   kg/s 
cond,out 150.23h   kJ/kg 
evap 1.798P   kPa 
expand,in cond,outm m   4expand,in 5.575 10m
   kg/s 
expand,out expand,inm m   4expand,out 5.575 10m
   kg/s 
expand,in cond,outh h  expand,in 150.23h   kJ/kg 
expand,out expand,inh h  expand,out 150.23h   kJ/kg 
 expand,out evap expand,out,T f P h  expand,out 15.82T  °C 
Evaporator 
3
e xpand,out 1.34 10m
   kg/s ref,evap,out ref,bed,inm m    ref,evap,outm   kg/s 
ref,evap,in expand,outm m   ref,evap,inm   kg/s 
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4
ref,bed,in 5.575 10m
   kg/s 
htf,evap,in 35T  °C 
htf,evap,avg* 25.85T  °C 
evap,avg* 15.82T  °C 
evap,f * 15.76T  °C 
evap,s 15.88T  °C 
atm 101.3P   kPa 
evap 0.22UA   kW/°C 
htf,evap 0.06V  m
3·s-1 
expand,out 150.23h   kJ·kg
-1 
hx,evap 1.7m   kg 
0.5t   s 
3
evap,out 1.34 10m
   kg·s-1 
evap,acc,avg 1.0303m  kg 
evap,acc,s 1.0305m  kg 
htf air  
ref water  
* Iterated value 
***When bedP corresponds 
to saturation conditions, a 
vapor quality of unity is 
 evap evap,avgP f T  evap 1.798P   kPa 
 p,htf,evap htf,evap,in atm,c f T P  p,htf,evap 1.005c   kJ·kg-1·K-1 
 hx,evap evap,avgc f T  hx,evap 0.891c   kJ·kg-1·K-1 
 htf,evap htf,evap,avg atm*,f T P   htf,evap 1.18  kg·m-3 
htf,evap htf,evap htf,evapm V    htf,evap 0.0708m  kg·s
-1 




T T T T
m c
 
    
  
 







25.85T  °C 
 htf,evap,in htf,evap,in atm,h f T P  htf,evap,in 308.6h   kJ·kg-1 






   evap,plus
20.61T  °C 
 ref,evap,out evap,plus evap*** ,h f T P  ref,evap,out 2538.9h   kJ·kg-1 










   evap,acc,f
1.0301m  kg·s-1 
 evap,acc,avg evap,avg ref,evap, 0.5u f T x   evap,acc,avg 1231.52u  kJ·kg-1 
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used as an independent 
property along with the 
average bed temperature 
 
 evap,acc,s evap,s ref,evap, 0.5u f T x   evap,acc,s 1231.68u   kJ·kg-1 
 evap,acc,f evap,f ref,evap, 0.5u f T x   evap,acc,f 1231.35u   kJ·kg-1 




htf,evap htf,evap,in htf,evap,out ref,evap,in ref,evap,in evap,acc,avg
ref,evap,out ref,evap,out evap,acc,avg
eT T u um c m
t t
m h h m h u
m h u
    
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